Analysis of three plasmids from filamentous, nitrogen-fixing cyanobacteria by Walton, Douglas Kevin
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1991
Analysis of three plasmids from filamentous,
nitrogen-fixing cyanobacteria
Douglas Kevin Walton
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Genetics Commons, Microbiology Commons, and the Molecular Biology Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Walton, Douglas Kevin, "Analysis of three plasmids from filamentous, nitrogen-fixing cyanobacteria " (1991). Retrospective Theses and
Dissertations. 10084.
https://lib.dr.iastate.edu/rtd/10084
INFORMATION TO USERS 
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer. 
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction. 
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book. 
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order. 
University Microfilms International 
A Bell & Howell Information Company 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 
313/761-4700 800/521-0600 

Order Number 9202405 
Analysis of three plasmids from filamentous, nitrogen-fixing 
cyanobacteria 
Walton, Douglas Kevin, Ph.D. 
Iowa State University, 1991 
UMI  
300N.ZeebRd. 
Ann Arbor, MI 48106 

Analysis of three plasmids from filamentous, nitrogen-fixing 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Department: Zoology/Genetics 
Major: Molecular, Cellular and Developmental Biology 
cyanobacteria 
by 
Douglas Kevin Walton 
For the Major Department 
Iowa State University 
Ames, Iowa 
1991 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
11 
TABLE OF CONTENTS 
INTRODUCTION 1 
Cyanobacter la 1 
Plasmids 6 
Cyanobacterlal Plasmids 8 
MATERIALS AND METHODS 18 
Bacterial Strains, Plasmids and Growth Conditions 18 
Cyanobacterlal Strains, Plasmids and Growth Conditions. 19 
Subcloning and Shuttle Vector Construction 19 
Conjugation 25 
Preparation of ssDNA 25 
Sequencing of ssDNA 26 
DNA Sequence Analysis 27 
RESULTS 29 
Analysis of pGL3 29 
Analysis of the pDUl Origin of Replication Region 44 
Analysis of pGL2 58 
DISCUSSION 98 
Plasmid pGL3 98 
Plasmid pDUl Origin of Replication Region 102 
Plasmid pGL2 104 
SUMMARY 110 
LITERATURE CITED 112 
1 
INTRODUCTION 
Cyanobacteria 
The cyanobacteria are an ancient group of gram negative 
prokaryotes dating back to the Precambrian (3 x lo' years bp) 
where they have been found in fossilized stromatolites. The 
class, Cyanophyta, is composed of a large number of species 
which occupy an extremely wide and diverse habitat range and, 
have oxygenic photosynthesis in common. Cells may be 
unicellular, colonial or filamentous. The filamentous 
cyanobacteria may possess three cell types (vegetative, 
heterocysts and akinetes), display both true and false 
branching and reproduce by fission, akinete germination, 
budding, trichome breakage and hormogonia formation. There 
are five orders (or Sections [Rippka et al., 1979]) of the 
cyanobacteria with the filamentous Nostoc comprising the 
largest order (Section IV). The Nostoc do not display true 
branching, they reproduce by hormogonia formation and may 
differentiate both akinetes and heterocysts. Plectonema. 
members of Section III, differ from the Nostoc primarily by 
not producing heterocysts. Single species may display a 
variety of morphologies (ecotypes) which are influenced by the 
environment (nutrients and light). Since many classification 
schemes for the cyanobacteria rely on morphological 
characteristics (primarily sheath characteristics), it is 
important to have standardized conditions for the growth of 
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the organism (Lee, 1989). 
The cyanobacterial cell wall is similar to most gram-
negative bacteria. It is composed of layers, the two inner 
layers being the same in all cyanobacteria studied. The 
structure of the outside wall is dependent on environmental 
conditions and is coated in a secreted mucilage sheath (or 
capsule). This sheath aids in moisture retention and in some 
species, gliding motility. Proteinaceous fimbriae protrude 
from the walls of some cyanobacteria and are thought to be 
involved in cell-to-cell interactions. Cyanobacteria often 
enter into symbiotic relationships with other organisms and 
these have been described for plants (bryophytes, diatoms, 
azolla, cycads, angiosperms), animals (marine sponges, 
echiruoid worms), fungi (lichens), protists and bacteria (Rai, 
1990). 
The cyanobacteria contain a number of intracellular 
structures. The most obvious is the photosynthetic apparatus 
which is composed of chlorophyll a and phycobiliproteins. A 
small group of cyanobacteria, the prochlorophyta, also contain 
chlorophyll b. The phycobilisomes contain the accessory 
pigments phycocyanin and phycoerythrin. It is these two 
pigments which give the cyanobacteria their color. 
Chloroplasts are thought to be derived from early symbiotic 
events between cyanobacteria and nucleated cells. Lending 
support to this idea is the recent discovery of Group I 
introns in cyanobacteria in the same position as in 
chloroplasts (Kushel et al., 1990; Xu et al., 1990). The 
intron has been found in the gene for leucine transfer RNA in 
five diverse cyanobacteria and is the first example of introns 
in the eubacteria. 
Some of the intracellular structures are involved in 
storage and, coupled with the ability to photosynthesize and, 
in some species, fix dinitrogen, allow survival under 
temporary nutrient deprivation. Glucose is stored in 
polyglucan granules in the form of glucose oligomers which are 
similar to amylopectin. Phosphate is stored as polyphosphate 
bodies, carboxysomes are a store of ribulose-1,5 
bisphosphatase (RuBP) and cyanophycin is a store of aspartic 
acid and arginine polypeptides. When nutrients are limiting 
the phycobilisomes may also be broken down and used as a 
source of energy and precursor material (Allen, 1984). In 
addition to these storage structures some cyanobacteria also 
contain gas vesicles, which aid in controlled buoyancy. These 
proteinaceous structures appear to be developmentally 
controlled in some species and constitutive in others (Lee, 
1989) . 
Specialized cells (heterocysts) are formed in some 
cyanobacteria for nitrogen fixation. These cells provide an 
anaerobic environment for the oxygen-labile nitrogenase which 
converts Ng to NH^*. Heterocysts differ from the vegetative 
cell in that they lack carboxysomes, RuBP, and do not carry 
out oxygenic photosynthesis (photosystem II is dismantled). 
The cells are typically enlarged relative to the vegetative 
cell and contain thickened cell walls which are gas 
impermeable (Lee, 1989; Codd and Poon, 1988). The 
differentiation of the vegetative cell into a heterocyst is a 
terminal event and has some unusual genetic events associated 
with it. In Anabaena• an 11 kilobase (kb) intervening 
sequence was found within the nifP gene. During early 
heterocyst formation this sequence is removed by a site 
specific recombinase (xisA) encoded within the 11 kb sec[uence 
(Golden et al., 1985). Four other open reading frames were 
also found in the 11 kb sequence, one of which shares protein 
similarity with the cytochrome P-450 superfamily (Lammers et 
al., 1990). A second rearrangement also occurs within 
Anabaena during heterocyst differentiation resulting in the 
excision of a 55 kb sequence. This rearrangement occurs near 
the nifS gene and brings the rbcLS operon within approximately 
10 kb of the nifS gene (Golden et al., 1988). Since RuBP is 
not present in the heterocyst it is presumed that this 
rearrangement is involved in RuBP regulation. Both these 
rearrangements are developmentally regulated during the 
differentiation of the heterocyst and are differentially 
regulated. A similar rearrangement has also been shown to 
occur in the Gram positive Bacillus subtilis during spore 
formation resulting in the production of a new sigma factor 
(Stragier et al., 1989). 
Many of the cyanobacteria also produce toxins. For 
example, substances from the Oscillatoriaceae promote tumor 
formation in laboratory animals (Codd and Poon, 1988). Tumor 
promoting, as well as tumor inhibiting substances, have also 
been found in some marine cyanobacterial species. The 
freshwater Anabaena and Microcystis genera have both toxic and 
nontoxic species. Interestingly, the cyanobacterial genera 
that dominate heavy growths tend to be the toxin producers 
and, with the exception of Svnechocvstis. produce gas vesicles 
which allow their accumulation on the water surface. 
Cyanobacteria produce toxic phenolics, alkaloids and peptides. 
Anabaena flos-aauae produces an alkaloid neurotoxin, anatoxin 
a, which causes death by respiratory arrest. One of the most 
extensively studied cyanobacterial toxins is from Microcystis 
aeruginosa which produces a cyclic heptapeptide hepatotoxin. 
The genes for this toxin are thought to be located on a 
plasmid since a cured strain was unable to produce the toxin. 
However, toxin production in a strain of Microcystis PCC 7820 
cured with novobiocin was unaffected. This may be due to a 
genomic location of the genes or an integrated plasmid. The 
peptide toxins are usually cyclic and have unusual amino acid 
residues. It is therefore probable that the toxin production 
is controlled by a number of genes (Codd and Poon, 1988). 
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Some cyanobacteria are able to produce antibiotics. For 
example, Scvtonema hofmanii produces a chlorine-containing 
gamma lactone (cyanobactrin) which is toxic to other 
cyanobacteria and eukaryotic algae. It functions by 
inhibiting photosystem II electron transport (Codd and Poon, 
1988) . Some Nostoc secrete bacteriocins which are toxic to 
closely related strains. These bacteriocins may be plasmid-
borne in the cyanobacteria as they are in the enterobacteria. 
Plasmids 
Plasmids are widespread throughout the prokaryotes and 
are also present in some of the simpler eukaryotes (fungi and 
diatoms). Plasmids may be linear or circular and range in 
size from 1.5 kilobases to several megabases. Plasmids range 
from elements so small that they encode only those functions 
necessary for their own propagation and are essentially 
parasites, to plasmids in the megabase range which encode 
essential genes and cannot be cured from the host (Campbell, 
1981). In addition to variation in plasmid size there is also 
wide variation in the plasmid copy number which may range from 
one to several hundred per cell. Copy number is controlled by 
the plasmid and is dependent on the rate of replication 
initiation. The frequency of replication may be controlled by 
repressor proteins, antisense RNA or DNA itérons (Nordstrom, 
1990). High copy number plasmids are generally distributed by 
random (binomial) partitioning during cell division whereas 
low copy number plasmids rely on specific partitioning 
mechanisms. The stability of plasmid maintenance within a 
cell is also dependent upon interactions with the host. 
Certain plasmids may coexist while others are mutually 
exclusive. This incompatibility is tied to the replication of 
the plasmids. Those plasmids which share replication features 
are incompatible with one another and belong to an 
incompatibility group. Plasmids belonging to the same 
incompatibility group can be maintained coresident if the 
proper selective agents (eg; antibiotics) are applied for both 
plasmids (Novick, 1987). 
Since plasmids and chromosomes coexist it is probable 
that genes are continually being exchanged. However, some 
traits tend to occur more frequently on plasmids. These 
traits are those involved in plasmid functions such as 
conjugation, mobilization and replication. Other common 
characteristics associated with plasmids are antibiotic and 
heavy metal resistance, toxin production, virulence, and 
traits involved in symbiosis and metabolism of unusual 
substrates. Traits which favor plasmids tend to appear on 
plasmids because they are of direct importance to the survival 
of the plasmid. 
Since plasmids can affect the growth and reproduction of 
their host in a negative manner while increasing their own 
I  
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propagation the question then arises: What is it that 
maintains plasmids in a bacterial population? When two 
bacteria, which differ only in possessing plasmids, are 
subjected to competition, the bacteria without plasmids 
outcompete those containing plasmids. Also, when examined in 
a natural environment where there is no selective pressure 
with respect to a trait carried by a particular plasmid, the 
plasmid tends to be lost from the bacteria. Many traits 
encoded by the plasmid benefit the host in very localized 
areas, for example in areas of antibiotics or other toxic 
substances. Plasmids which produce toxins appear to be common 
but the expression of the toxins is usually seen under 
stressful conditions such as nutrient limitation or high cell 
density (Eberhard, 1989). For those plasmids which are 
readily lost from the host under nonselective conditions it is 
possible that they are maintained in subpopulations where 
selection is present and then reinfect large portions of the 
population when selection becomes prevalent. 
Cyanobacterial plasmids 
Cyanobacterial plasmids were first discovered in a 
unicellular Svnechococcus species (Asato and Ginoza, 1973) and 
were soon found in the filamentous cyanobacteria (Simon, 
1978). No correlation has been found between the presence of 
plasmids and the range of cyanobacterial metabolic activities 
or the ability to differentiate cell types. Many functions 
have been proposed for cyanobacterial plasmids such as 
antibiotic and heavy metal resistance, restriction and 
modification systems, toxin production and gas vacuolation. 
However, no clear evidence has been forthcoming for any of 
these alleged plasmid functions. A spontaneous curing of the 
small plasmid of Anacvstis nidulans had no effect on growth 
characteristics or sensitivity to metal salts (Lau and 
Doolittle, 1979). A study of the in vitro expression of pANS 
DNA showed a 30 Kdal band, of unknown function, on SDS PAGE 
(Gruber et al., 1987). To date, all cyanobacterial plasmids 
remain cryptic. 
The first physical map reported for a plasmid from a 
filamentous nitrogen-fixing cyanobacterium was the 4 Mdal 
plasmid (pDUl) from Nostoc 7524 (Reaston et al., 1982). An 8 
Mdal plasmid was found to be a dimer of pDUl (Reaston et al., 
1980) . Of 24 Nostoc strains screened nine contained plasmids 
of less than 15 kb and appeared to contain more than one 
plasmid (Gendel, 1987). Large plasmids were present in some 
strains which did not show the smaller plasmids and Southern 
hybridization showed sequence homology between plasmids that 
appeared structurally unrelated, and between plasmid and 
chromosomal DNA. Some of the plasmids were shared between 
strains suggesting plasmid transfer between strains. The 
interpretation of many of these reports should be carefully 
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evaluated as plasmid isolation techniques differ greatly in 
efficiency between species. A number of plasmid isolation 
procedures have been introduced (Engwall and Gendel, 1988; 
Lambert and Carr, 1982; Potts, 1984) and it has been shown 
that an isolation technique may not always detect the presence 
of a particular plasmid. 
Another study of 29 Nostoc strains showed approximately 
one half contained one or more plasmids (Lau et al., 1980). 
Southern hybridization indicated different plasmids within and 
between strains contained regions of homology. This suggests 
that these regions may be transposable elements. However, it 
may also mean that various genes, perhaps involved in 
replication, are shared between plasmids. Calothrix PCC 7601 
contains a complex set of plasmids of large size and high copy 
number and the observation of two different plasmid patterns 
in two subcultures of the filamentous Calothrix PCC 7601 
suggests mobile DNA elements (Rebiere et al., 1986). In 
addition a 6.2 kb EcoRI fragment from the Calothrix plasmid 
pFDA hybridized to a pDUl probe (Gendel, 1988) . 
Analysis of strains from the LPP group B of Section 
III(based on phage susceptibility) showed many with identical 
plasmid profiles (Potts, 1984; Felkner and Barnum, 1988). 
This supports a view that many cyanobacterial strains are 
independent isolates of the same species. Other studies have 
noted similar findings (van den Hondel et al., 1979). These 
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reports also indicate plasmids are quite stable as many of 
these isolates have been kept for ten to twenty years. 
Although they are stable one strain did appear to be cured of 
the smallest plasmid. 
Of the three hundred axenic cyanobacterial isolates, only 
ten have been shown to be transformable by the addition of 
exogenous DNA. All of these are unicellular,.non-nitrogen 
fixing cyanobacteria. The cyanobacteria possess many features 
that make them attractive candidates for molecular genetic 
studies such as oxygenic photosynthesis, cell differentiation, 
nitrogen fixation, light regulated expression, genomic 
rearrangements and symbiosis. An understanding of the 
cyanobacteria requires the development of systems for genetic 
analysis. Since many of the more interesting features are in 
the filamentous forms it is necessary to develop vectors which 
can be reproducibly transferred to these forms. While many 
cyanophage have been isolated, none have been useful in 
transduction studies. Most workers have therefore focused 
their attention on the development of plasmids able to 
replicate in both coli and in a particular cyanobacterium 
using an origin of replication specific for each host. These 
shuttle vectors also carry markers (generally antibiotic) 
which function in both hosts. It is necessary to include in 
these vectors unique cloning sites and also to minimize or 
eliminate all sites which are susceptible to the 
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cyanobacterial host's restriction enzymes (Golden et al., 
1987). These vectors can then be used for complementation 
analysis, transposon mutagenesis, transcriptional studies, 
etc. 
A few, but increasing number, of cyanobacteria can be 
transformed with DNA, conjugated with plasmids mobilized from 
E. coli or electroporated (Thiel and Poo, 1989). A great deal 
of effort has gone into the construction of plasmid vectors 
for the introduction of DNA into cyanobacteria. Those species 
which can be transformed can also have DNA added without using 
a shuttle vector, instead relying upon homologous 
recombination or insertion of the DNA into the genome. The 
application of these methods is the same as in other organisms 
- gene inactivation or duplication, mutation, etc. 
Many unicellular and filamentous cyanobacteria have been 
screened for plasmids. Of the approximately 60% which contain 
plasmids up to eight different plasmids have been noted in a 
single strain and plasmids have ranged in size from 1.3 kb to 
130 kb. Copy number of some plasmids has been seen to vary 
with growth phase. For example, copy number of a small 
plasmid was seen to be lower in exponential growth and higher 
in the stationary phase (Lambert et al., 1984). 
Cyanobacterial plasmid replication has not been studied to any 
extent and nothing is known about copy number control or 
plasmid incompatibility. All cyanobacterial plasmids are 
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cryptic and any plasmid-borne genetic markers would be very 
useful in constructing plasmid vectors. 
To study gene expression the gene or its regulatory 
elements must be placed back into the organism. This is a 
very important step and has until recently been limited to 
those cyanobacteria which were able to be transformed. The 
development of a conjugation system for the filamentous 
cyanobacteria Anabaena by Wolk et al. (1984) has made these 
strains available for genetic studies. The need for 
recombination deficient hosts still remains and is a major 
obstacle to molecular genetic studies. Strains cured of some 
or all of their plasmids would also be helpful as this would 
allow two or more plasmids to be stably introduced. The 
construction of small shuttle vectors with all the 
characteristics which allow fine genetic analysis are of great 
importance (Tandeau de Marsac and Houmard, 1987). 
The first convincing transformation of a cyanobacterium 
was demonstrated in Anacvstis nidulans PCC 7943 (Shestakov and 
Khuyen, 1970) and transformation has since become a common 
tool for studying Anacvstis and other transformable 
unicellular cyanobacteria (Porter, 1985). Genes and 
regulatory elements from coli have been found to work in 
Anacvstis. Shuttle vectors have been constructed using the 
entire lac operon (Buzby et al., 1985), and the lacZ gene 
containing a multiple cloning site (Lau and Straus, 1985). 
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Vectors have also been constructed using the cat reporter gene 
(Ferino and Chauvat, 1989), and controlled gene expression is 
possible using the lambda regulatory elements cI857ts and O 
to activate a promoterless cat gene (Friedberg and Seijffers, 
1986). The promoter of a chloroplast-encoded ps2B gene (which 
encodes the 32 Kdal herbicide binding protein of PSII) fused 
to a cat gene initiated proper transcription in Anacvstis 
nidulans R2 and in coli (Dzelzkans et al., 1984). Shuttle 
vectors have been constructed for Anacvstis using the origin 
of replication from the 7.8 kb pANS (Gendel et al., 1983) and 
the origin of replication from the 48.5 kb pANL (Laudenbach et 
al., 1983). Since both plasmids coexist naturally the two 
shuttle vectors can be used simultaneously in Anacvstis to 
study two or more gene products. Shuttle vectors have been 
designed to work in Bacillus subtilis. Anacvstis and E_^ coli. 
A trifunctional plasmid was designed for cloning mosquito 
larvacidal toxins from Bacillus into shuttle vectors and 
placing them into Anacvstis for mosquito control (Gallagher 
and Burke, 1987). While transformation has been successful in 
some of the unicellular strains it appears that conjugation 
may be a more useful technique for introducing vectors into 
other unicellular strains (Anderson and Eiserling, 1985). 
Currently, there are approximately 26 shuttle vectors for 
Svnechococcus and six shuttle vectors for Svnechocvstis. 
Conjugation probably depends on the structure of the 
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outer membrane. This is quite similar among the gram-negative 
bacteria. The main concern in introducing a plasmid into 
cyanobacteria via conjugation is that the plasmid not be 
cleaved by endogenous cyanobacterial restriction endonucleases 
and that the plasmid be able to replicate. The only available 
shuttle vectors for the filamentous cyanobacteria are based on 
the cyanobacterial plasmid pDUl. These shuttle vectors do not 
transfer to some strains of cyanobacteria and only poorly to 
others. This is probably due to restriction of the plasmid 
when it is transferred. It is possible in those strains where 
successful transfer has not been observed that the origin of 
replication fails or that the selectable markers are not 
expressed (Thiel and Wolk, 1987). The conjugal plasmid RP4 
can promote the transfer of pDUl/pBR322 constructs from E. 
coli to Anabaena sp. PCC 7120, PCC 7118 and sp. M-131. 
Triparental matings employed two E. coli strains, one 
containing RP4, the other containing the helper plasmid 
pDS4l01 and a pDUl derivative and, the cyanobacterium (Wolk et 
al., 1984). In these conjugation experiments Wolk et al. 
(1984) found that cavitation of the filaments increased the 
ratio of exconjugant colonies to total colonies as did the 
removal of restriction sites which would be recognized by the 
cyanobacterial host. The pDUl derived vectors in these 
experiments were quite large and unwieldy and the origin of 
replication was subsequently localized to a 1.75 kb fragment. 
I  
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A 1.3 kb fragment was found to be sufficient for replication 
in Anabaena M-131 but not PCC 7120 (Schmetterer and Wolk, 
1988). Apparently, not all sequences are equal in all 
situations. For example, when the 1.75 kilobase pair fragment 
was transferred to another plasmid, pRL40Û, it failed to 
replicate in PCC 7120 but did replicate in M-131. This 
unexpected result clearly indicates the importance of foreign 
surrounding sequences on a fragment of plasmid DNA thought to 
be a region involved in replication. 
A biparental conjugal system has also been developed. It 
utilizes an integrated RP4 derivative in an coli strain 
containing the pDS4101 plasmid. The shuttle vector is 
transformed into this strain and then conjugated into the 
cyanobacterial host (McFarlane et al., 1987). 
Recently, electroporation has been used to introduce a 
pDUl derived shuttle vector into the filamentous Anabaena sp. 
M131 (Thiel and Poo, 1989). There are approximately six 
shuttle vectors for Nostoc and Anabaena (Tandeau de Marsac and 
Houmard, 1987) all of which are based on pDUl (Wolk et al., 
1984; Flores and Wolk, 1985). 
An analysis of cyanobacterial plasmids at the nucleotide 
level will provide much needed information for the rational 
construction of shuttle vectors. In addition the mechanisms 
of plasmid replication and knowledge of plasmid encoded genes 
will enlarge our understanding of cyanobacterial plasmid 
I 
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evolution and their role in cyanobacterial genetics. This 
study will attempt to answer some of these basic questions by 
the analysis of three plasmids from the filamentous, nitrogen-
fixing cyanobacteria: The origin of replication region of pDUl 
from Nostoc sp. PCC 7524 (Section IV), as determined by 
functional assay (Schmetterer and Wolk, 1988), the plasmid 
pGL3 from Plectonema borvanum PCC 6306 (Section III), and pGL2 
from Nostoc sp. PCC 6705 (Section IV). 
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MATERIALS AMD METHODS 
Bacterial Strains, Plasmids, and Growth Conditions 
Escherichia coli strains used were TG-1 (supE. hsdÛ5. 
thi. ûrlac-proABI . F' (traD36. proAH*. lad''. I^ZÛMIB}), JMlOl 
(SUPE. thi. ûflac-proABI . {F', traD36. proAB. laçI''Z"ÛM15}) 
and HBlOl (F", hsdS20. [rg", Rg'], recA13. ara-14. proA2. lacYl, 
aalK2. rpsL20 {Sm'"}, xvl-5. mtl-l. supE44. lambda"). TG-1 and 
JMlOl (Stratagene, La Jolla) were maintained, at room 
temperature, on M9 plates supplemented with thiamine. HBlOl 
was maintained, at room temperature, on Luria broth (LB, 
[Maniatis et al., 1982]) plates supplemented with 20 mM MgClg. 
All Ei coli transformations were performed with the colony 
transformation technique (Hanahan, 1986). 
Plasmids used were pGEM7Zf+ (ampicillin resistance gene 
[amp''], fl origin and a multiple cloning site {MCS} within 
lacZ ' [Stratagene, La Jolla, CA] ), pBluescript II SK+ (amp*", 
fl origin and an MCS within lacZ' [Stratagene]), pDS4101 (a 
conjugative helper which provides transfer functions and is 
amp""), RP4 (a conjugative plasmid from the P group which is 
amp"", kanamycin resistant [kan""] and tetracycline resistant 
[tef] ) , pRLl (which is chloramphenicol resistant [cam'"], 
contains a basis of mobility sequence {bom}, the entire pDUl 
plasmid from Nostoc 7524, and an Ej_ coli plasmid origin of 
replication [Elhai and Wolk, 1985]) and pBOC, a 3 kilobase 
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pair derivative of pRLl, (containing cam'^, bom and oriV) 
developed in this study. 
Cyanobacterial Strains, Plasmids, and Growth Conditions 
All cyanobacterial strains were obtained from the 
American Type Culture Collection (ATCC). Strains are referred 
to by the more commonly accepted Paris Culture Collection 
(PCC) number. Strains used were Anabaena sp. PCC 7120 (ATCC 
27893), Nostoc sp. PCC 6705 (ATCC 29131, contains plasmid 
pGL2) and Plectonema borvanum PCC 6306 (ATCC 27894, contains 
plasmid pGL3). All strains are filamentous and nitrogen-
fixing. All form heterocysts except PCC 6306. Growth 
conditions in liquid were with BG-11 media (Allen, 1968) 
buffered with HEPES (6 gm/1, pH 8.0), continuous light, 30°C, 
and were shaken at 30 rpm. Growth conditions on plates were 
with HEPES buffered BG-11 media, 30°C, and continuous light. 
Subcloning and Shuttle Vector Construction 
The origin of replication from pDUl was subcloned from 
pRLl (which contains the entire pDUl plasmid as an EcoRV 
fragment). The plasmid pRLl was digested using NotI and Seal 
and run on a 1% agarose gel. The desired 2.3 kilobase pair 
(kb) fragment was visualized on a UV box (Fotodyne, New 
Berlin, WI) and then excised and purified using a GeneClean 
kit (BIOlOl, La Jolla, CA), treated with SI nuclease, filled 
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in with klenow and ligated into the Smal site of pGEM7Zf+. 
The resulting constructs were named pNSlOO (right orientation) 
and pNSlOl (left orientation). It was expected that the clone 
would be 2320 base pairs (bp). However, in pNSlOl, the 
resulting clone was 1747 bp, as a deletion (probably a result 
of SI over-digestion) removed most of the DNA from the NotI 
site to the third Hindlll site (Ball is site +1 [Schmetterer 
and Wolk, 1988]). The pDUl subclone in pNSlOl was completely 
sequenced. 
The construction of shuttle vectors pPBP200 and pPBP201, 
containing the pGL3 origin of replication (the entire 
plasmid), was done by restricting pGL3 with HinPI and ligating 
into the Clal site of pBluescript II SK+. Two plasmids, 
pPBPlOO (right orientation) and pPBPlOl (left orientation), 
were obtained. The shuttle vectors pPBP200 (right 
orientation) and pPBP201 (left orientation) were constructed 
by restricting pPBPlOO with BssHII. treating with klenow and 
ligating into the EcoRV site of pBOC. The plasmid pBOC is 
derived from pRLl by complete digestion of pRLl with EcoRV and 
recircularization of the fragment containing the oriv. bom 
sequence and cam''. 
pPBHlOO (right orientation) and pPBHlOl (left 
orientation) were constructed by restricting pGL3 with Hpal 
and ligating into the Smal site of pBluescript II SK+. The 
shuttle vectors pPBH200 (right orientation) and pPBH201 (left 
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orientation) were constructed by restricting pPBHlOl with 
BssHII. treating with klenow and cloning into the EcoRV site 
of pBOC, (Figures 1 and 2). 
pPBAlOO (right orientation) and pPBAlOl (left 
orientation) were constructed by restricting pGL3 with AccI. 
treating with klenow and ligating into the Smal site of 
pBluescript II SK+. The shuttle vectors pPBA200 (right 
orientation) and pPBA201 (left orientation) were constructed 
by restricting pPBAlOO with BssHII. treating with klenow and 
cloning into the EcoRV site of pBOC. 
pPBC200 and pPBC201 were constructed by restricting pGL3 
with Clal and cloning into the Clal site of pPBH200 after its 
insert had been removed with Clal. This shuttle vector was 
not expected to work as the Clal site is within the large open 
reading frame. 
All pGL3 derived shuttle vectors were tested for their 
ability to replicate in E^. coli after the oriV was removed by 
restriction enzymes and the plasmids were recircularized. 
None of the resulting plasmids was able to replicate in E. 
coli. 
Plasmids were digested with restriction enzymes from New 
England BioLabs (Beverly, MA) or Bethesda Research 
Laboratories (Grand Island, NY) in buffers recommended by the 
suppliers. 
EcoRV 
EcoRV 
Figure 1. Shuttle vector construction for Plectonema 
borvanum PCC 6303 
PPBC201 
Insertion In the 
major orf (orfl) 
pPBP201 
Insertion In the 
Inverted Repeat area 
Figure 2. pGL3 based shuttle vector constructs 
PPBA201 
Insertion In the 
Inverted Repeat area 
PPBH201 
Insertion outside of 
 ^ orfl and Inverted repeats 
Figure 2. continued 
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Conjugation 
Triparental matings were performed with coli strain 
HBlOl containing plasmid RP4, and Ej. coli strain JMlOl 
containing plasmid pDS4101 and also one of the following 
plasmids; pRLl, pPBP200, pPBA200, pPBH201 or pPBC200. The 
recipient cyanobacterial strain was PCC 7120, PCC 6306 or PCC 
6705. Conjugations were done as described (Thiel and Wolk, 
1987). Filaments were cavitated to one to four cells using a 
model W185 sonicator (Branson Sonic Power Company, Plainview, 
N.Y.). The antibiotic chloramphenicol was used as a selective 
agent at a concentration of 25/xg/ml. 
Preparation of ssDNA 
All single strand DNA (ssDNA) synthesis was performed in 
TG-1 using the helper phage ml3KO7 (kan*" [Promega] ) . Two mis 
of LB containing 100 fig ampicillin/ml (LBA) was inoculated 
with a single colony and allowed to grow for 5-6 hours at 37°C 
at 230 rpm. Twenty mis of LBA in a 250 ml Erlenmeyer flask 
was inoculated with 100 nl of this and was simultaneously 
infected with one /il of ml3K07 and allowed to grow for 45 
minutes. Fifty /ng kan/ml was added and growth was allowed to 
continue for 10 - 14 hours. 
Single stranded DNA was harvested by centrifugation twice 
at 12,000 rpm for 15 minutes in a Sorvall RC2-B with an SS-34 
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rotor using 30 ml corex tubes (Corning Glass Works, Corning, 
N.Y.). Six mis of 20% polyethylene glycol in 3.75 molar 
ammonium acetate was used to precipitate the supernatant at 
4"C for at least 30 minutes. The supernatant was centrifuged 
at 12,000 rpm for 15 minutes and the resulting pellet was 
resuspended in 1 ml of sterile (autoclaved) double distilled 
HgO in an eppendorf tube. Chloroform with isoamyl alcohol 
(24:1, 500 fil) was added and the mixture was vortexed for 1 -
2 minutes and centrifuged in a microfuge for 15 minutes. The 
aqueous layer was removed and placed at -20"C for at least 45 
minutes. The chloroform extraction was repeated, followed by 
a phenol/chloroform (1:1) extraction and a final chloroform 
extraction. The ssDNA was precipitated with 0.5 volumes of 
7.5 molar ammonium acetate and 1 volume of isopropanol for 15 
minutes in a microfuge. The resulting pellet was washed twice 
with 70% ethanol, vacuum dried and resuspended in 40 /xl of 
sterile HgO. This procedure typically yielded 10 to 30 ng of 
ssDNA. 
Sequencing of ssDNA 
Sequencing of ssDNA was performed at the Iowa State 
University Nucleic Acid Facility using the Applied Biosystems 
Model 373A sequencing system (Instrument # 706160, version 
1.0.2) and the DyePrimer{-21ml3). Overlapping clones were 
generated using restriction enzymes or an "Erase A Base" kit 
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(Promega, Madison, WI). All sequences were done a minimum of 
three times in one direction and two times in the opposite 
direction. Problem areas were sequenced using dye 
terminators. Oligomers (20mers) were synthesized and used as 
primers when overlapping clones were not available. A 
consensus sequence was determined if four of the five 
sequences matched. 
In those situations where a consensus sequence was not 
immediately available dye terminators were used and the start 
site of sequencing was varied. For example, in pDUl a region 
in open reading frame 1 initially implied two open reading 
frames separated by a sequence containing an unidentified 
nucleotide upstream of the sequence GCCGCATAGCGGC (site 1590). 
This ambiguity was noted only when sequencing from the 
upstream side. By varying the distance of the sequencing 
start site, both upstream and downstream, and using dye 
terminators the problem area was resolved. 
DNA Sequence Analysis 
Sequence analysis was performed on the University of 
Wisconsin Genetics Computer Group's (UWGCG) Sequence Analysis 
VAX Software Package version 6.0 (Devereux et al., 1984). 
Programs used were TFASTA, FASTA, FRAMES, TRANSLATE, COMPARE, 
COMPOSITION, CODONFREQUENCIES, DOTPLOT, PEPTIDESTRUCTURE, 
PLOTSTRUCTURE and GCG Fragment Assembly. Release numbers were 
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GENBÀNK 66, EMBL 25, NBRF-Protein 26, NBRF-Nucleic 36 and 
SwissProt 16. Results of searches were considered significant 
if there was 20% identity in 70 amino acids or 20% identity in 
150 nucleotides. 
29 
RESULTS 
Analysis of pGL3 
Nucleotide secnience analysis of pGL3 
The small plasmid of Plectonema borvanum PCC 6306 
(Section III) was cloned into the vector pGEM7Zf+ in both 
orientations. Sequencing was performed by ssDNA synthesis and 
the resulting information was assembled in the UWGCG fragment 
assembly system. The plasmid is 1509 base pairs and has a G+C 
content of 46.8 percent. This is within the expected range 
for the Plectonema genus which has a genomic G+C content of 
42-67 percent (Herdman, 1987). The complete nucleotide 
sequence of pGL3 is presented in Figure 3. Also shown in 
Figure 3 are the main open reading frame (ORFl) and inverted 
repeats. The start site for numbering begins at the unique 
Hpal site. Nucleotide frequencies are shown in Table 1. 
Restriction analysis of pGL3 
A circular restriction map of pGL3, deduced from the 
sequence, is shown in Figure 4. Analysis of restriction 
enzyme digestions is shown in Table 2. No restriction sites 
were unduly represented as were previously seen with the Pvul 
sites in plasmid pUH24 from Svnechococcus sp. PCC 7924 (van 
der Plas, 1989). No difficulty in restriction enzyme 
digestion of the plasmid, isolated directly from the 
cyanobacterium, was noted for the four restriction enzymes 
I 
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Figure 3. Sequence of Plectonema borvanum PCC 6503 plasmid pGL3. ORFl is 
underlined and IRs are double underlined 
10 20 30 40 50 60 70 
AACAACAGCC ATGCGAA6CT AGCATACTCC GGCAAATTAC GGATGCTGCG ATCGCACTGG TTGGAACCAA 
80 90 100 110 120 130 140 
TAAGGCTGTA ACCCTCTATC TGTTAAGTGA TCGAGGGTGT TA6GTATTGC TGTCAAGGAC GGAGCGAAGG 
150 160 170 180 190 200 210 
ATGCCGAAGG GTATCCTTGA CAGCAATACC TAACACCCTA AAACCCGTTC AGATAGAGGG TTACAGACGT 
220 230 240 250 260 270 280 
TCAGAAAAGT ATTGCAAGAC ATGAAAATAG GGGCTATGCT AGCCCCTATC AAATAAGTGT TTTTCCAATG 
290 300 310 320 330 340 350 
AACAACCTAA TCACTTTGTG CGATCGCACA GAGGAACCTT TACCGATCGG TAAGGGGGCA TTCATGGATT 
360 370 380 390 400 410 420 
TTGATTAAAG TCTACCCCTG TGGGCAAATA ACAGCAAGTT CGCAGCGTAG ATTCACCCCT GAGCCTCTAC 
430 440 450 460 470 480 490 
CGAGGGAGAA AAAACTCACT GTAGATGAAG CATTCAACCT TTCGGCACTG AAATCATTCG GCTATGAACG 
500 510 520 530 540 550 560 
CGCCCGTGAG ATTCTGCAAtS CCGAAGTAAC CCTTTGGTTT ATCAAAGCCC GCTAAATCGG AGAAAACCAA 
570 580 590 600 610 620 630 
AAAACCGAGG GGACAGAAGG GAATAACTTC CCACGGTCGC CGCATTATTC GTGGGGGAGT GACATTGCTT 
640 650 660 670 680 690 700 
GAGCGTACAT ACGGACGTAA CAGGCTGTCG TTTATCACTC TGACTCTGCC TCCAGCGGTC GCTGAAGATT 
710 720 730 740 750 760 770 
TGAGTGGGCG GTGGGCACAT GTGGTCGATT TGATGAAACG GCGGCTCATC TACTCCAATG GACTGCATGG 
780 790 800 810 820 830 840 
GCTACCCACC GAGATAATAG CGTGTACTGA GGTTCAAGAG AAGCGGTATG AAAGAACTGG TGAAGTTGCC 
850 860 870 880 890 900 910 
TTGCACTTGC ACATTGTCAT GGTCGGACGG CATAGTAGAG GAGCTTGGTG CTATAGTCCT AGACAGTTGG 
920 930 940 950 960 970 980 
AAAAAATGTG GAGTGAATGC TGCGAAACTG CCGTCAGGAA TGTTATTGAG CCAAACGAGA GAGTTACTAG 
990 1,000 1,010 1,020 1,030 1,040 1,050 
CAGAGTTACT AATAGTAGAA CTGAGAGTGA ATCTAACGGA AATGGAAACG CTACTGGTAA TACAAGCAGC 
1,060 1,070 1,080 1,090 1,100 1,110 1,120 
AATGCAAATA GCAATGGAAA TGCTAATGGG AATATACATA CGGAAGTGAA TTGGAATGCA GCGGTAAATG 
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Figure 3. (continued) 
1,130 1,140 1,150 1,160 1,170 1,180 1,190 
TGCAAAGGAT CAAAAAATCT GCATCTGCAT ACATGGGGAA ATATCTATCT AAGGGAACGC AAACGACACA 
1,200 1,210 1,220 1,230 1,240 1,250 1,260 
GAAAATTATC GATTCTGGGA AAGCTCATCT ACTGCCCAAA GCGTGGTATT TCTGCACCCA AGTTTTGCTT 
1,270 1,280 1,290 1,300 1,310 1,320 1,330 
GAGCGTATAA AAAAGGCGAC TAGGGTCGTC A6CGGAAATT TAGCACACGA AATATACGAA CACGTACTAT 
1,340 1,350 1,360 1,370 1,380 1,390 1,400 
CTCACGCTAC CGAGTACCTA AACTACCATC GGAATATAAA GGCAAAATGC TCCGATGGGC GGGAAATAAC 
1,410 1,420 1,430 1,440 1,450 " 1,460 1,470 
GGTTGGATGG TATGGATACC TGACAAAGCG AGGTATGCAG GAATTAGGGA ACCTCTGGGT GTGGTCTAGG 
1,480 1,490 1,500 1,510 
GGGCAGTCCC CTCTGGAGAT TTAGACGCAC CTCGCTGTT 
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Table 1. Nucleotide frequencies of Plectonema borvanum 
plasmid pGL3 
A: 461 C; 314 6: 393 T: 341 
6G: 112 GA: 113 GT: 77 GC: 91 
AG: 103 AA: 160 AT: 106 AC: 92 
TG: 105 TA: 96 TT: 72 TC: 67 
CG; 73 CA: 91 CT: 86 cc: 64 
GGG: 32 GGA: 37 GGT: 25 GGC: 18 
GAG: 30 GAA: 46 GAT: 22 GAC: 15 
GTG: 22 GTA: 22 GTT: 19 GTC: 14 
GCG: 20 GCA: 35 GCT: 23 GCC: 13 
AGG: 26 AGA: 27 AGT: 21 AGC: 29 
AAG: 32 AAA: 59 AAT: 38 AAC: 31 
ATG; 31 ATA: 28 ATT: 24 ATC: 23 
ACG: 21 ACA: 24 ACT: 23 ACC: 24 
TGG: 31 TGA: 27 TGT: 17 TGC: 30 
TAG: 21 TAA: 25 TAT: 24 TAC: 26 
TTG: 22 TTA: 16 TTT: 18 TTC: 15 
TCG: 18 TCA: 20 TCT: 20 TCC: 9 
CGG: 23 CGA: 22 CGT: 14 CGC: 14 
CAG: 20 CAA: 29 CAT: 22 CAC: 20 
CTG: 30 CTA: 30 CTT: 11 CTC: 15 
CCG; 14 CCA: 12 CCT: 20 CCC: 18 
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BsmI 660 849 XmnI 754 
Bsp1286l 
Figure 4. Circular restriction map of Plectonema 
borvanum PCC 6306 plasmid pGL3 
Table 2. Restriction Enzyme Analysis of Plectonema 
borvanum PCC 6306 plasmid pGL3 
RESTRICTION RECOGNITION CUT FRAGMENT 
ENZYME SITE SITES LENGTH 
AccI GTCTAC 361 1.509 
AluI AGCT 18 314 
883 865 
1.213 330 
Asp700 GAANNNNTTC 474 1,398 
585 111 
Bbvl GCAGC 57 446 
GCTGC 404 347 
941 537 
1,058 117 
1.120 62 
Bsml GAATGC 931 1,330 
1.110 179 
BSD1286 GGGCAC 717 1.509 
ClaI=BanlII ATCGAT 1.199 1.509 
Dde! CTNAG 409 749 
797 388 
1,001 204 
1.169 168 
Dpnl GATC 51 431 
100 49 
303 203 
326 23 
1.129 803 
Drain CACNNNGTG 297 1.509 
Fnu4HI GCNGC 46 446 
393 347 
600 207 
742 142 
930 188 
1,047 117 
1.109 62 
FnuDII CGCG 490 1.509 
Fokl GGATG 54 145 
CATCC 152 98 
1.418 1.266 
Haal GACGC 1.503 1.509 
HhaI=CfoT GCGC 492 1.509 
HincII=HindII GTTAAC 1.509 1.509 
Hinfl GANTC 400 708 
500 100 
672 172 
1,009 337 
1.201 192 
HinPI GCGC 490 1.509 
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Table 2. (continued) 
Hoal GTTAAC 1.509 1.509 
Hoall CCGG 29 1.509 
HphI GGTGA 415 1,083 
TCACC 841 426 
Mael CTAG 19 62 
249 230 
899 650 
977 78 
1,280 303 
1.466 186 
Maelll GTNAC 77 602 
199 122 
515 316 
618 103 
646 28 
972 326 
984 12 
MboI=NdeII GATC 49 431 
98 49 
301 203 
324 23 
1.127 803 
MboII GAAGA 706 1.509 
Mnll CCTC 1 20 
GAGG 93 92 
113 20 
206 93 
321 115 
424 103 
432 8 
577 145 
689 112 
809 120 
888 79 
1,440 552 
1,462 22 
1.490 28 
MsdI CCGG 29 1.509 
Nhel GCTAGC 18 1,279 
248 230 
Nlalll CATG 13 367 
233 220 
346 113 
721 375 
769 48 
861 92 
1.155 294 
Tzible 2. (continued) 
NLALV GGNNCC 65 124 
315 250 
1,450 1.135 
NSPBII GCCGC 601 1,367 
GCGGC 743 142 
NspCI ACATGT 13 801 
CCATGC 721 708 
PflMI CCANNNNNT6 1.232 1.509 
Pyui CGATCG 52 1,234 
304 252 
327 23 
Rsal GTAC 636 800 
795 159 
1,325 530 
1.345 20 
Sau3AI GATC 49 431 
98 49 
301 203 
324 23 
1.127 803 
SfaNI GCATC 51 410 
GATGC 149 98 
1.150 1.001 
Taqi TCGA 101 411 
725 624 
1.199 474 
Thai CGCG 490 1.509 
Tthlllll CAAGCA 642 879 
TGCTTG 1,059 417 
CAAGCA 1.272 213 
XmnI GAANNNNTTC 474 1,398 
585 111 
Xorll CGATCG 52 1,234 
304 252 
327 23 
No restriction sites found in pGL3 for these enzymes; 
Aatll AccIII Aflll Ahal Ahalll Apal ApaLI AGYI 
ASP718 Asul AsuII Aval Avail Avalll Avril Ball 
BaitiHI Banl Banll Bell Bdel Ball Balll BssHII 
BSPMI BspMII BstEII BstNI BstXI Cfrl Clall Cvnl 
Dral Eael Eaal ECO0109 EcoRI EcoRII EcoRV Fspl 
Gdill Hael Haell Haelll HaiAI Hindlll Kpnl Mlul 
MstI MstI I Nael Narl Neil Ncol Ndel NotI 
Nrul Nsil PaeR7I PpuMI PstI PvuII RsrII Sad 
SacII Sail Saul Sau96I Seal ScrFI Sfil Smal 
SnaBI SEgl Sfihl Ssgl SstI Sstll StuI Stvl 
Tthllll Xbal Xhol Xhol I Xmal Xmalll 
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tested. The four enzymes are AccI. Clal. HinPI and Hpal. 
These enzyme sites were used in the construction of the 
shuttle vectors (Figures 1 and 2) and are shown in the map 
(Figure 4). None of these sites has the sequence GATC 
associated with it. 
Searching for genes in pGL3 
Coding regions can be identified by the fact that coding 
for a protein puts constraints on a sequence. The most 
obvious constraint is for a long open reading frame. This 
fact can be used to determine the regions and frames of 
potential genes (Staden, 1990). An analysis of the start (ATG 
and GTG) and stop sequences (TAG, TGA and TAA) in all six 
reading frames of pGL3 indicates seven potential open reading 
frames (ORFs) of 50 or more codons, (Figure 5). An ORF 
containing 100 or more codons is generally indicative of a 
gene (Stormo, 1987). 
One large open reading frame (ORFl) of 759 nucleotides is 
present from site 733 - 1492. This codes for a putative 
protein of 253 amino acids (including the start site 
methionine) with a molecular weight of 28548 Daltons. As this 
is the only significant open reading frame present in pGL3 it 
is likely that the product is involved in the replication 
function(s) of the plasmid. Like other proteins involved in 
DNA interactions the product of ORFl is a basic protein, with 
FRAMES Of: Pgl3.Seq Ck: 9904, 1 to: 1,509 April 24, 1991 01:06 
Pgl3.Seq Length: 1509 April 4, 1991 12:01 Check: 9904 .. 
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Figure 5. FRAMES of Plectonema borvanum PCC 6306 plasmid p6L3 
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43 basic and 30 acidic amino acids. ORFl is followed by a 
region of dyad symmetry which may be a rho dependent 
termination stem loop-like structure (site 43 - 58). A direct 
repeat is located within ORFl at site 1021 - 1042 and 1063 -
1084. The direct repeat unit is 22 nucleotides and shares 
identity with 19 of 22 nucleotides. A PLOTSTRUCTURE of the 
putative protein product from ORFl is shown in Figure 6. 
0RF2 (site 818 - 1097, 93 codons) and 0RF3 (site 1118 -
1268, 50 codons) are in the same orientation as, and 
completely within, ORFl. 0RF4 (site 1084 - 769, 105 codons) 
and 0RF6 (site 1149 - 888, 87 codons) are in the opposite 
orientation and are also completely within ORFl. As these 
four ORFs are completely within ORFl they probably do not code 
for any protein products although this is not a priori 
impossible since this situation does occur in some systems. 
0RF5 (site 763 - 529, 78 codons) and 0RF7 (site 744 -
471, 91 codons) are in the opposite orientation of ORFl and 
have significant overlap with each other as well as 
overlapping the 5' end of ORFl by 30 and 11 nucleotides, 
respectively. 
Databank searches of pGL3 sequences 
The predicted amino acid sequence of ORFl was searched 
against the sequences in GENBANK (version 66) using the 
program TFASTA. The TFASTA program searches the DNA databank 
PLOTSTRUCTURE of: PGL3.P2S April 4, 1991 22:23 
PEPTIDESTRUCTURE of; PGL3.PEP Ck: 3959, 1 to: 253 
TRANSLATE of: pgl3.saq ohsok: 9904 from: 733 to: 1492 
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PLOTSTRUCTURE of Plectonema borvanum PCC 6306 plasmid pGL3 ORFl 
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by converting DNA sequences in all six frames into amino acid 
sequences and comparing them to the c[uery sequence. This is a 
much more sensitive search than a DNA search as proteins are 
more likely to be conserved than DNA sequences. The pGL3 ORFl 
amino acid sequence was also searched against pUH24, a 
unicellular cyanobacterial plasmid sequence not present in 
GENBANK. No significant sequence similarities were found with 
the GENBANK sequences or with pUH24. 
The predicted amino acid sequences of ORFs 2-7 were 
also searched against the sequences in GENBANK and against 
pUH24. No significant sequence similarities were found. 
The entire DNA sequence of pGL3 was searched against the 
GENBANK sequences using the FASTA program. The pGL3 sequence 
was also searched against pUH24. Again, no significant 
sequence similarities were found. 
Analysis of pGL3 replication usina shuttle vectors 
Prokaryotic plasmids contain a DNA locus, ori. that is 
required in cis for replication initiation. In pGL3, the 
region from site 70 - 700 is not occupied by ORFl and contains 
many regions of dyad symmetry. Palindromic sequences are 
often observed associated with origins of replication and are 
considered to play key roles in the initiation of DNA 
replication. The four largest inverted repeats are IRl, IR2, 
IR3 and IR4. IR4 is the largest and is located at nucleotide 
I 
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position 567 - 603. IRl, IR2 and IR3 are located at positions 
79 - 112, 237 - 259 and 310 - 342 respectively. It seems 
likely that this region contains the origin of replication 
although it is possible that the ori is within ORFl. Also, 
two adjacent 22 base pair direct repeats (sites 1021 - 1041 
and 1063 - 1084) are found within ORFl. These features of 
dyad symmetry and direct repeats are commonly associated with 
replication origins in prokaryotic plasmids. 
Shuttle vectors were constructed from pGL3 (Figures 1 and 
2) and mobilized into Plectonema borvanum PCC 6306, using 
triparental conjugation, to determine regions of the plasmid 
involved in replication. The plasmid pRLl was used as a 
positive control for conjugation with Anabaena sp. PCC 7120 as 
the recipient. The construct pPBC201, which disrupts ORFl at 
position 1199, failed to replicate in Plectonema as did 
pPBA201 (insertion at site 361 between two regions of dyad 
symmetry [IR3 and IR4]). The construct pPBP201 (insertion at 
site 490, upstream of ORFl and IR4) also failed to replicate 
in Plectonema. These results indicate that the disrupted 
regions are involved in the replication or stability of the 
plasmid. The construct pPBH201 (insertion downstream of ORFl, 
prior to a putative termination stem loop structure) 
replicated in Plectonema which suggests that this region is 
not significantly involved in pGL3*s replication. Shuttle 
vector pPBH201 is therefore a useful vector for the study of 
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Plectonema gene regulation. 
The same shuttle vectors were also conjugated into 
Anabaena sp. PCC 7120 and Nostoc sp. PCC 6705 to determine 
plasmid host range. None of the shuttle vectors was 
maintained in Anabaena. Only shuttle vector pPBH201 
replicated stably in Nostoc. The results noted for Nostoc are 
the same as those seen with Plectonema. 
The results of these experiments extend the range of pGL3 
based shuttle vectors to two of the five major cyanobacterial 
groups (or Sections). Vector pPBH201 contains two multiple 
cloning sites which make it a versatile cloning vehicle. 
Shuttle vector pPBH201 is therefore a useful vector for the 
study of gene regulation in at least two cyanobacterial 
species within two major groups of cyanobacteria. 
Origins of replication from coli-derived plasmids have 
generally been shown not to work in cyanobacteria with one 
exception (Daniell et al., 1986). Likewise, cyanobacterial 
plasmid origins of replication have been shown not to work in 
E. coli. In order to test whether this range restriction 
applies to pGL3, vectors were constructed which contain the 
cam'' gene in addition to the entire pGL3 plasmid. These 
vectors utilized the same four sites in their construction as 
those used in the construction of the four shuttle vectors. 
These vectors were transformed into coli and tested for 
their replication ability. None of the vectors was found to 
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replicate in coli. 
Analysis of the Origin of Replication Region of pDUl 
Nucleotide sequence analysis of the origin of replication 
region of pDUl 
The region containing the origin of replication of Nostoc 
sp. PCC 7524 plasmid pDUl (Section IV) was cloned into the 
vector pGEM7Zf+ in both orientations. Sequencing was 
performed by ssDNA synthesis and the resulting information was 
assembled in the UWGCG fragment assembly system. The origin 
of replication region of pDUl, as defined by functional assay 
for Anabaena sp. PCC 7120 (Wolk et al., 1988), is 1747 base 
pairs and has a G+C content of 42.1 percent. This is within 
the expected range for the Nostoc genus which has a genomic 
G+C content of 39 - 46 percent (Herdman, 1987). However, this 
is only a partial sequence of the pDUl plasmid since there are 
approximately 4.5 kb which remain to be sequenced. The 
sequence of the pDUl origin of replication region is shown in 
Figure 7. Also shown in Figure 7 are the main open reading 
frame, ORFl, and inverted repeats. Nucleotide frequencies are 
shown in Table 3. The start site for numbering begins at the 
Seal site and does not conform to Wolk et al.'s (1984) use of 
the unique Bgll site of pDUl. 
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Figure 7. Sequence of the pDUl origin of replication. The large open 
reading frame is underlined. IRs are double underlined 
10 20 30 40 50 60 70 
CGCATGATCT GCATACGATC TCTATTGCCA AAAAGCCGCG ACCCTATAGG CTCTCGGTCA TGCTGCACTA 
80 90 100 110 120 130 140 
GTTCGTGTCG ATCACTATAC TGGTTGCCGC AGCATTTCAC GCTAAAAAAA AATTCTTAAA AATGTCCTIÇ 
ISO 160 170 180 190 200 210 
ATATCTCGCC AGAGTGGCAA CCTATTACAA AACGGTTGCC TACCCGACCG GCTCGATTTT CGCTGAAGTG 
220 230 240 250 260 270 280 
GCACTGTGAC AGTTTGAAAT GGTACTTCCG CCGTGCTGCT GACATCGTTG TTAGGGTGAA TTGTTCGCGG 
290 300 310 320 330 340 350 
TAGATGTTGC ACCGATTCAT GAACACCTTG TCACCCACTT TGAATAATCG ACCGTCAAAT TCAGTCGCGT 
360 370 380 390 400 410 420 
CAATTTGGTA AGTGTTGGGC TGTCTCTTTT TGGCTCCAGG GGCAATGCCA TCAGAAAACA CAACCGCGTC 
430 440 450 460 470 480 490 
ACCCATAACT TGATAACCGA TATCAGTTTT GGTTCCAGTG AAAGCCCAAA ATTCAGACGC GTCATTATTC 
500 510 520 530 540 550 560 
CGAGCGTGCC GGAGTTGATT GTACTCAATT TTGGCTTGGC AAAGTTGACG GCGATTCATG CCCAGCTGCT 
570 580 590 600 610 620 630 
TTTGATGTCG TCGCACTGTG CGCTTGTGAA TACCCAACTC ACAGCTGACA GCTTTTTGAG ATGTACCATA 
640 650 660 670 680 690 700 
GTGGATGAAA CTTTTTGAGA CGAATATCCG CGACGAACTA ATGTGAAGTA CACAAGGTAC TTCCCCCTCT 
710 720 730 740 750 760 770 
GGCGATTTAA GAGAGGATTG CCTTGTGTCC TTCACTAGCT CGTTCGGGTG TGGCGCTCCA AAAAGTTTTC 
780 790 800 810 820 830 840 
TGTACTCTGG TTTAAGTTGT CTGTTGGCCG CATAGCGGCT CTTTTGTTGA AAGCTTTGTG TGACTATGCC 
850 860 870 880 890 900 910 
AGTGGTCAGT GAGCGTAAAT CGCTTAACAC TTGGACTAAA GGCACTACTG CAACATCACC CCATCTTTTT 
920 930 940 950 960 970 980 
AAATTTAGGT TGTAACAAAC TTGAAACATA CCGCCCAAGT AGACGGTTAT CATTCCTGCT TTAATTTTGT 
990 1,000 1,010 1,020 1,030 1,040 1,050 
AGCGGCGGAA TGCTCCTATT TTTTTTCCAT CCTGTAACCA ACGGTAAACA GACTTATCAC TACAATCTAA 
1,060 1,070 1,080 1,090 1,100 1,110 1,120 
GAACGTCTGT ACTACAGGCA ATGGCAATGT TAAATGACCA GACCCATCCT TATCAAGCGC TCGACACAAA 
I 
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Figure 7. (continued) 
1,130 1,140 1,150 1,160 1,170 1,180 1,190 
TACCACAACC GCGCACAAGG TTCTCGACCA ATGCGAGTGT GTACCCTGAC CGTGTAAGTG CCAAGAATTA 
1,200 1,210 1,220 1,230 1,240 1,250 1,260 
TTTCAGTTTG TAGTTCCCTT GTAAGCAGGG TTAGTGATAC ATTTGTATTT AAGCTTTCTG GGCTGATCAT 
1,270 1,280 1,290 1,300 1,310 1,320 1,330 
TTGGAAATGT CTCAGTCCAG TACCTATTGA ATGTTATTTG CTTAACCTGA AGCTAAATAA AACTTGTTAA 
1,340 1,350 1,360 1,370 1,380 1,390 1,400 
CTACACCCAT TAATTGATAA ATTCAAAGCA CGTTTTTTCT GTTTGGTGTT TGGTGTGGTA ACAATTCTGT 
1,410 1,420 1,430 1,440 1,450 1,460 1,470 
GTATGTGTGT TTTATTTAGC TTCGGTTAAG TAGCATAACA ACCCCCAAGC ACTGAACTTT TTTTAATAGG 
1,480 1,490 1,500 1,510 1,520 1,530 1,540 
TAATTTAAAC CTTTCCTATC GGCAAAATTT TCAATCAATT GTACGCCAAA GTGTTGCATG ATCAACGTTT 
1,550 1,560 1,570 1,580 1,590 1,600 1,610 
GACTTATTTT TGTATTTACT AAATACTGAA TTTCGCCGTG ACGCTTTTTA CAGATGGAAA TTCACGGCAA 
1,620 1,630 1,640 1,650 1,660 1,670 1,680 
AATGTTTTTT GCTAACTTTG CTATGTAAAA CAAGAAACTT GGCACTCGGT TATTACTAAA TAAACTGGTA 
1,690 1,700 1,710 1,720 1,730 1,740 1,750 
AAAAATAACC ATTAGAACCA AAAAGAACGA AAACCAGTAC ACCCTTGCCA GTTTTCAAGC TTTTGCT 
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Tfible 3. Nucleotide frequency of the pDUl origin of 
replication from Nostoc PCC 7524 
A: 471 C; 386 G: 349 T: 541 
GG: 60 GA: 77 GT: 120 GC: 92 
AG: 76 AA: 171 AT: 111 AC: 113 
TG: 139 TA: 108 TT: 201 TC: 92 
CG: 74 CA: 115 CT: 109 CC: 88 
GGG: 7 GGA: 7 GGT: 25 GGC: 21 
GAG: 8 GAA: 27 GAT: 20 GAC: 22 
GTG: 33 GTA: 30 GTT: 38 GTC: 19 
GCG: 17 GCA: 25 GCT: 33 GCC: 17 
AGG: 11 AGA: 17 AGT: 28 AGC: 20 
AAG: 28 AAA: 64 AAT: 42 AAC: 37 
ATG: 25 ATA: 22 ATT: 42 ATC: 22 
ACG; 17 ACA: 28 ACT: 36 ACC: 32 
TGG: 26 TGA: 35 TGT: 51 TGC: 27 
TAG: 16 TAA: 41 TAT: 24 TAC: 27 
TTG: 53 TTA: 32 TTT: 84 TTC: 32 
TCG: 21 TCA: 32 TCT: 21 TCC: 18 
CGG: 16 CGA: 18 CGT: 16 CGC: 24 
CAG: 24 CAA: 39 CAT; 25 CAC: 27 
CTG: 28 CTA: 24 CTT: 37 CTC: 19 
CCG: 18 CCA: 30 CCT: 19 CCC: 21 
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Restriction analysis of the origin of replication region of 
PDUI 
A linear restriction map of the pDUl origin of 
replication region, deduced from the sequence, is shown in 
Figure 8. Analysis of restriction enzyme digestions is shown 
in Table 4. No restriction sites were unduly represented. 
Restriction enzyme digestions of plasmid pDUl isolated from 
Nostoc sp. PCC 7524 are presented by Wolk et al. (1984). 
Searching for genes in the origin of replication region of 
PDUl 
An analysis of the start (ATG and GTG) and stop sequences 
in all six reading frames indicates three potential open 
reading frames (ORFs) of 50 or more codons (Figure 9). One 
large open reading frame (ORFl) of 1119 nucleotides is present 
(site 1260 - 141) . This codes for a putative protein of 373 
amino acids (including the start site methionine) with a 
molecular weight of 42477 Daltons. As this is the only 
significant open reading frame it is likely that the product 
is involved in the replication function(s) of the pDUl 
plasmid. Like other proteins involved in DNA interactions the 
product of ORFl is a basic protein, with 67 basic and 51 
acidic amino acids. ORFl is followed by a putative rho 
independent transcriptional termination signal at site 33 -
60. The other two ORFs are located completely within ORFl and 
probably do not code for any protein product. A PLOTSTRUCTURE 
pDUl Origin of Replication (17-17 bp) 
Bgll EcoRV Hlul Pvul) Pvull Hlnflll AccI 1 Is Hpal Bell Hlnfln 
-4 1 1 1 1 1 1 1—HH 1 1 
jl 
Figure 8. Linear restriction map of Nostoc sp. PCC 7524 plasmid pDUl origin 
of replication region 
Table 4 .  Restriction enzyme analysis of the pDUl origin 
RESTRICTION RECOGNITION CUT FRAGMENT 
ENZYME SITE SITES LENGTH 
AccI GTAGAC 950 955 
796 
Alul AGCT 555 
604 
611 
738 
823 
1,243 
1,312 
1,419 
1,739 
555 
49 
7 
127 
85 
420 
69 
107 
320 
7 
AEYl CCAGG 387 387 
1.359 
Asp700=XmnI GAANNNNTTC 1,189 1,189 
557 
Bbvl GCAGC 74 74 
GCTGC 111 
257 
567 
37 
146 
310 
1.179 
Bcll TGATCA 1,254 
1,529 
1,254 
275 
217 
Bgll GCCNNNNNGG 154 154 
1.592 
Bsml GAATGC 994 994 
752 
BstNI CCAGG 387 387 
1.359 
Cfrl TGGCCG 795 795 
951 
Ddel CTAAG 1,047 1,047 
CTCAG 1,271 224 
475 
Dpnl GATC 7 
18 
81 
1,256 
1,531 
7 
11 
63 
1,175 
275 
215 
DraI=AhaIII TTTAAA 910 
1,476 
910 
566 
270 
EcoRII CCAGG 385 385 
1.361 
51 
Table 4. (continued) 
ECORV GATATC 443 443 
1.303 
Fnu4HI GCAGC 36 36 
GCCGC 63 27 
GCGGC 97 34 
GCTGC 100 3 
246 146 
556 310 
798 242 
806 8 
983 177 
763 
FnuDII CGCG 38 38 
277 239 
347 70 
416 69 
660 181 
1,131 471 
615 
Fokl GGATG 646 646 
CATCC 1,021 375 
1,108 87 
638 
Gdill ACCGGC 187 187 
795 608 
951 
Haell GGCGCT 756 756 
AGCGCT 1,110 354 
636 
Haelll GGCC 797 797 
949 
Hgal GACGC 356 356 
GCGTC 425 69 
485 60 
488 3 
1589 1,101 
157 
HhaI=CfoI GCGC 582 582 
755 173 
1,109 354 
1,133 24 
613 
HincII=HindII GTTGAC 536 536 
GTTAAC 1,328 792 
418 
Hindlll AAGCTT 821 821 
1,241 420 
52 
Table 4. (continued) 
1,737 496 
9 
Hinfl GAATC 294 294 
GATTC 543 249 
1.203 
HinPI GCGC 580 
753 
1,107 
1,131 
580 
173 
354 
24 
615 
Hpal GTTAAC 1,328 1,328 
418 
Hpall CCGG 188 
499 
188 
311 
1.247 
Hphl GGTGA 277 277 
TCACC 323 
431 
908 
46 
108 
477 
838 
Mael CTAG 68 
735 
68 
667 
1.011 
Maelll GTAAC 215 215 
GTCAC 309 94 
GTGAC 417 108 
GTTAC 829 
921 
1,013 
1,387 
1,577 
412 
92 
92 
374 
190 
169 
MboI=NdeII GATC 5 
16 
79 
1,254 
1,529 
5 
11 
63 
1,175 
275 
217 
Mlul ACGCGT 477 477 
1.269 
Mnll CCTC 706 706 
GAGG 723 17 
1.023 
Mspl CCGG 188 
499 
188 
311 
1.247 
Nlalll CATG 6 6 
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Table 4. (continued) 
62 56 
301 239 
550 249 
1,530 980 
216 
NlalV GGNNCC 384 384 
453 69 
1.293 
NSPBII GCCGC 37 37 
GCGGC 98 61 
799 701 
807 8 
984 177 
762 
PvuII CAGCTG 555 555 
604 49 
1.142 
Rsal GTAC 233 233 
512 279 
624 112 
679 55 
688 9 
773 85 
1 ,060  287 
1 ,162  102 
1,281 119 
1,512 231 
1,718 206 
28 
Sau3AI GATC 5 5 
16 11 
79 63 
1,254 1,175 
1,529 275 
217 
ScrFI CCAGG 387 387 
1.359 
Spel ACTAGT 67 67 
1.679 
Tagi TCGA 78 78 
193 115 
328 135 
1,111 783 
1,144 33 
602 
Thaï CGCG 38 38 
277 239 
54 
Table 4. (continued) 
347 70 
416 69 
479 63 
660 181 
1,131 471 
615 
Tthlllll CAAACA 1,386 1,386 
TGTTTG 1,393 7 
CAAGCA 1,462 69 
TGCTTG 284 
XmnI=Asp700 GAANNNNTTC 1,189 1,189 
557 
No restriction sites found in the pDUl origin of 
replication region for the following enzymes: 
Aatll AccIII Aflll Aha 11 Apal ApaLI 
ASP718 Asul AsuII Aval Avail Avalll 
Avril Ball BamHI BanI Banll Banlll 
Bdel Bglll BssHII BSP1286 BSPMI BSPMII 
BstEII BstXI Clal Clan Cvnl Drain 
EaqI ECO0109 EcoRI FSEI Hael HaiAI 
Kpnl MboII MstI Mstll Nael Narl 
Neil Ncol Ndel Nhel NotI Nrul 
Nsil NSPCI PaeR7I PflMI PPUMI PstI 
Pvul RsrII Sad SacII Sail Saul 
Sau96I Seal SfaNI Sfil Smal SnaBI 
SEhl Sspl SstI Sstll StuI StYl 
Tthllll Xbal Xhol Xhol I Xmal Xmalll 
Xorll 
FRAMES of; Pdulori.Seq Ck: 9507, 1 to: 1,747 J^ril 24, 1991 01:08 
saved 10-09-1990 16:34:35 edited 03-05-1991 12:01:03 
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Figure 9. FRAMES of Nostoc sp. PCC 7524 plasmid pDUl replication region 
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of the putative protein product from ORFl is shown in Figure 
10. 
Databank searches of PDUI sequences 
The predicted amino acid sequence of ORFl was searched 
against the sequences in GENBANK (version 66) using the 
program TFASTA. The pDUl amino acid sequence was also 
searched against pUH24 and pGL3. No significant amino acid 
sequence similarities were found. 
The entire DNA sequence of the pDUl origin of replication 
region was searched against the GENBANK sequences using the 
FASTA program. The pDUl sequence was also searched against 
pUH24 and pGL3. Again, no significant sequence similarities 
were found. 
Replication region of pDUl 
The region of pDUl involved in replication, as defined by-
functional assay for Anabaena sp. PCC 7120 (Schmetterer and 
Wolk, 1988), is 1.75 kilobase pairs. In the same study, 
Schmetterer and Wolk show that for Anabaena sp. M-131 the 
removal of the upstream region of ORFl from the Hpal site, 
resulting in a 1303 base pair fragment, is sufficient for 
replication. This deletion results in the removal of a large 
region of dyad symmetry (site 1512 - 1546) which may be 
involved in relication/stability functions, at least in PCC 
5.0 
PLOTSTRUCTURE of: PDU1 .P2S April 4, 1991 22:31 
PEPTIDESTRUCTURE of: PDU1 ORI.PEP Ck: 9002, 1 to: 373 
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Figure 10. PLOTSTRUCTURE of Nostoc sp. PCC 7524 plasmid pDUl ORFl 
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7120. Apparently, not all sequences are equal in all 
situations. For example, when the 1.75 kilobase pair fragment 
was transferred to another plasmid, pRL40Û, it failed to 
replicate in PCC 7120 but did replicate in M-131. This 
unexpected result clearly indicates the importance of foreign 
surrounding sequences on a fragment of plasmid DNA thought to 
be a region involved in replication. 
Analysis of pGL2 
Nucleotide sequence analysis of pGL2 
The small plasmid of Nostoc sp. PCC 6705 (Section IV) was 
cloned into the vector pBluescript SKII+ in both orientations. 
Sequencing was performed by ssDNA synthesis and the resulting 
information was assembled in the UWGCG fragment assembly 
system. Where overlaps were not available, primers were 
synthesized to fill in the gaps. The plasmid is 4009 base 
pairs in length and has a G+C content of 36.5 percent. This 
is below the expected range for the Nostoc genus which has a 
genomic G+C content of 39-46 percent (Herdman, 1987). The 
sequence of plasmid pGL2 is shown in Figure 11. Also shown in 
Figure 11 are the open reading frames, ORFs 1-4, and 
inverted repeats. The start site for numbering begins at the 
unique Hpal site. Nucleotide frequencies are shown in Table 
5. 
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Figure 11. Sequence of Nostoc PCC 6704 plasmid pGL2. ORFs are underlined. 
IRs are double underlined 
10 20 30 40 50 60 70 
AACCGAGAAT AATCCATAAG TAGACTATAG TATTCTACCA GTAACTTCTT AAGCGGGTTT TTGACCGGAA 
80 90 100 110 120 130 140 
GAGGCAAGCA CGCGAAGCGG CGATGTGCGT CTGAGGTCAA TAACCCGCAA CTTGTTTAAA TTCATTATGG 
150 160 170 180 190 200 210 
AGGTAAAAAT CACTCACTCA TCAGTGTGAC TGTAAGTATA AGCTTCTTGC GGCGATATGC TTATATTTCT 
220 230 240 250 260 270 280 
AGGTTTAAAT AGCTTATCAC ATAATATGCT CTTGATCTTA ACTTTATAAA ATTAAAACAT TTTGATTGAG 
290 300 310 320 330 340 350 
TATAAGAAGT TAGTTTATCA ATCATAAGTC TAAAAAAAAA TCTGTATAAC TTCTAACAAT TTTAGTAAAT 
360 370 380 390 400 410 420 
TGTGCCTTAG TGAACAGTTT TGATACGAAC ATTTTTTGTA TAAAAAAGCA GGGCATTGTT GCCCTGCTGC 
430 440 450 460 470 480 490 
TTTTTACAGA TTGATTTGAC TTTATGTTAC CAAAACCTCC TCGAAATGAT TTCATCTTAG GAATCTTAGT 
500 510 520 530 540 550 560 
TTTGTCATTA ACTGCTTGTT TTATAACCCT TGCAGTTATC GATCCATCAA CTCGTACTGC TTTTACTGAT 
570 580 590 600 610 620 630 
TTAACAAAGG TTGCTGTAGG GACTTATATA GGTTTTCATA TTCCTGCGCC AAGCCAAAAA CCCTAAAACC 
640 650 660 670 680 690 700 
TCCGCCTTCA CTTGAATCTC TTAGAATCTC TTAGAGAGGT TTTTTTCGAT TCGCTAGAAT CGTCAAAAAC 
710 720 730 740 750 760 770 
CTCTTGCCAC ATGGAATAGA AGCGATTTGA CAACATAAAA AGCCCCTGGT AGGGTTGTAG TTACCACACT 
780 790 800 810 820 830 840 
GACAACTTAG CTACTGAGGG CTTTTTAATG TCCGAAGCCT CGGAAGGCAT TTCTTTGCCT TCTATTGTAT 
850 860 870 880 890 900 910 
CGTTTCCTCA ACAGGAGGAA AATAGTACAC CTGCATTATC AGAGTTATCC CAACGAGATG AAGTTTGGGA 
920 930 940 950 960 970 980 
CAAACATCGT GCGAACTCT6 ATGCTGTCGA GGGTTATTAT GCTGGTTCTG AGTTTTCTAA ATATTCAGAG 
990 1,000 1,010 1,020 1,030 1,040 1,050 
CGAATATCTG ATTGCGCTCA GTTACTAGAT TTCCGGTTGG TTCCAAATTC TGAAACTGGA GAGTATAAGT 
1,060 1,070 1,080 1,090 1,100 1,110 1,120 
TTAAATTATC ATCTGCGCGA TTTTGCCATG TTCGCCATTG TCCTGTTTGG CAGTGGCGGC GATCGCTCAT 
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Figure 11. (continued) 
1,130 1,140 1,150 1,160 1,170 1,180 1,190 
GTGGAAGGCC AAGGCATACA AGATACTGCC TCAACTATTA ATTGATTACC CGAAAGCCCG ATGGTTATTT 
1,200 1,210 1,220 1,230 1,240 1,250 1,260 
GTCACCCTTA CAGTTAAGAA CTGTGCAATT ACAGATTTAC GAGAAACTTT GACTTGGATG AATAAGAGTT 
1,270 1,280 1,290 1,300 1,310 1,320 1,330 
TTAAGCGTTT TAGTGAGTTA AAGGCATTTC CTGCCGAGGG TTATATCAAA ACAGTTGAGG TAACACGAGG 
1,340 1,350 1,360 1,370 1,380 1,390 1,400 
AAAGACCCCG GATGGGTCGG CACATCCTCA TTTTCATGTG TTGATGATGG TTAAACCCTC ATACTTTGGT 
1,410 1,420 1,430 1,440 1,450 1,460 1,470 
GTTGGGTATT TGTCACAAGC CAAGTGGGTC GAGATGTGGC GAAAATCTCT CAGGGTTGAT TACAAACCAA 
1,480 1,490 1,500 1,510 1,520 1,530 1,540 
TTTTGGATGT CCAATCTCTT AATCCCCAGG ATTCGCTGAT TGGGCTATTA GCTGAGGTCA TAAAATATTC 
1,550 1,560 1,570 1,580 1,590 1,600 1,610 
GGTTAAAGAA TCTGACCTCA CTTCTGACCG TGAGTGGTTC TTGGAATTAA CAAGACAGTT ACACCGAACT 
1,620 1,630 1,640 1,650 1,660 1,670 1,680 
AAGGCGATCG CTGTTGGTGG AATTTTGCGT GAGTATCTTC GTGATTTAGA ACAAGAACCT GAAGATTTAG 
1,690 1,700 1,710 1,720 1,730 1,740 1,750 
TTGGTAATGA TAATGAAGGT GATGTTGACG AGGGGCATTT ATATTTTGGT TGGAAGCAGA AACAGAAAAA 
1,760 1,770 1,780 1,790 1,800 1,810 1,820 
ATATAAATTG GTAGAGTAAA AGTAGACTGT CAAGTAGTCT AATTAGTAAG TAGTTTACTT AACGGTTTAC 
1,830 1,840 1,850 1,860 1,870 1,880 1,890 
CTACTAAGTA AACTACTTGG TGTCCTACTA TTAGATTACA ATTATGAATT ACTAAGTAGA CTTTTAGAGG 
1,900 1,910 1,920 1,930 1,940 1,950 1,960 
AATACTGGTA AAATTTAACC TTTTGTAAAA AATAAACTAT ATATCTAAAT TATGCTACGG TAGGTTACTA 
1,970 1,980 1,990 2,000 2,010 2,020 2,030 
GTAGGATATA GGGACTACTA TGGATTTATC AGACGCTCTT TTGTGTGAAT CTAAGACTGC TCGTACTCAA 
2,040 2,050 2,060 2,070 2,080 2,090 2,100 
GGTCTTACCC AGATTAAGTC ACAGCATTCT GAAGAACAAA TTTTGAATAA AGTTAAAGCA TTGTTTTTTG 
2,110 2,120 2,130 2,140 2,150 2,160 2,170 
CTGTTTGGAA TGATGTTGGT AGATTAAGTA GAGAGCAACT TGCTACTTTT TATGATGTTC CTTTAGCTAC 
2,180 2,190 2,200 2,210 2,220 2,230 2,240 
TATCGATTCA AACTATAAAA ACCATAAAGA CGAATTTGAG ATTGATGGTG TAAAACCCTT TAAGGGTAAG 
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Figure 11. (continued) 
2,250 2,260 2,270 2,280 2,290 2,300 2,310 
GATTTGAAGC AACTTAAGGG TATATTACCC CTAAGTCCAA ATTCTCCAGA GGAAGTTATC TACACCCC6G 
2,320 2,330 2,340 2,350 2,360 2,370 2,380 
CTGGCGCTTT AAGAATGGGA TTTATCCTTC GTGACTCTCC TGTAGCCAAG ACTGTTAGAA CTGCGGCAAT 
2,390 2,400 2,410 2,420 2,430 2,440 2,450 
TCGTTTTATT CAAGGTGTGG GTAGTAGTCT ACCTAATGAA GTTCTTCTTT AAGCGTTAGT AAAATCTTAC 
2,460 2,470 2,480 2,490 2,500 2,510 2,520 
CCTTTACTAA ACAATTTTGC TGAGGGACAA AAACTTAAGG TTTCTGCTCC TTACTCAAGA TATTGGGACA 
2,530 2,540 2,550 2,560 2,570 2,580 2,590 
AAATGAAATC TACATTGTCA AGGAATTATC CTAATGGTGG TATACCTAAT TATTCAAAAG ATGACATTAG 
2,600 2,610 2,620 2,630 2,640 2,650 2,660 
AAAAGATATA CAATTTCTTT CTACTTATAC AGATAATTTA AAATTGGAAG GAGTTAAAGA ATTACGTTTT 
2,670 2,680 2,690 2,700 2,710 2,720 2,730 
GAATTATCAT CAGAATTAAG AGCTAAGTAC CCAGATTTAA CTTCTGATCT TTTTCATTTT GAAACTGATG 
2,740 2,750 2,760 2,770 2,780 2,790 2,800 
ATGGTAGTAA AAAAGCCGTT ATCATGTTTC AATTTGATAA ACTTATCATA GATGTAGAAT ATGTTGAGCA 
2,810 2,820 2,830 2,840 2,850 2,860 2,870 
GTGTGTAGGT AGAGGCTACT TACAAATCGC TAAAGAATCT TTAAATGTTG ATAAATCTTA CTTAGTTTTT 
2,880 2,890 2,900 2,910 2,920 2,930 2,940 
GTTGCTCCTT TTGGTGCTAC TTCTTATGCA GAGGACTATA TTAGAAAGCG TCTTAGCTCT GAGAATAAAG 
2,950 2,960 2,970 2,980 2,990 3,000 3,010 
GATGTGTAGG TGTTTTGACG GTTCAAGAGT TAGCTAATTT CCTTTATACT CAAGCAATTT CTTCTAGAAA 
3,020 3,030 3,040 3,050 3,060 3,070 3,080 
GCTTGGAACT GCTAAAGGTG AGATTAATTC AGGCTTTAAG CATCTTTTGA CTTATTCTTT TCCCGAACCT 
3,090 3,100 3,110 3,120 3,130 3,140 3,150 
CCTGTTGTTG CAGAACAGCT TAGTATTTTT GATACTCTGA ATGAAACAGA ATAATTAATA TTGAATTAAG 
3,160 3,170 3,180 3,190 3,200 3,210 3,220 
TTACAGTATT TTACTGATAT AAGTAGCAGG TTTATTTGGT AAACTATAAA TAGACTACTT AGTAAATTAC 
3,230 3,240 3,250 3,260 3,270 3,280 3,290 
TATAATTATG GCAACTGCTA ATCCTAAAAT TTCAGCTTAT GTTCCCCAGG TTGTTTATGA CCGCTTTAAA 
3,300 3,310 3,320 3,330 3,340 3,350 3,360 
GAATTTAAAG AGGAGCATAA GCTTTCTTTT TCTCAAGCAG CTATAAAGGT TTTTGCTGAT TATTTTGGTG 
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Figure 11. (continued) 
3,370 3,380 3,390 3,400 3,410 3,420 3,430 
TTGACTTATC TACTAACTCT ATACAGCAGA ATACTGGTAC TCTACTCAGT AGATTATTAG A6CTAGAGCA 
3,440 3,450 3,460 3,470 3,480 3,490 3,500 
GATTGTTTCT GATTTAAAGC AATCCTACGT CTATTTGTCT ACTAAGCTGG AATCATCTGA TGAGTTGCAT 
3,510 3,520 3,530 3,540 3,550 3,560 3,570 
AACCCTGAAT TGCCTATTGC TTCAGTAATT CAGGATGGCA GTATACTGCA TAATCCAGAC AGTAGTATAG 
3,580 3,590 3,600 3,610 3,620 3,630 3,640 
ATTATATTCC CAATGACGCT CTACTCAATG GCTCACAGGG TAGTTTACTA AATCCTGAAA ATCCTAATTC 
3,650 3,660 3,670 3,680 3,690 3,700 3,710 
TCATATCCTT AATTCTAATG ACGGGACTAC TGAGGTGAGC CCAAAAATGG AATTACCTAG GTTAGAGCCG 
3,720 3,730 3,740 3,750 3,760 3,770 3,780 
AACAGTTACA AATTATTGAT CCGCCTACCG TGGATATAGG TAGTACACAG AGTGAGCCTT CAAGTGATTT 
3,790 3,800 3,810 3,820 3,830 3,840 3,850 
ACTTTCGGAG TTTAAGTTAG AACTCTCGCT TTTAGCCAAA CGGCTGAATA CAACTGCGGG TAATTGTTAG 
3,860 3,870 3,880 3,890 3,900 3,910 3,920 
AACTCAGAAA TCATCGTATA GTACCGTTAA GTTTACTGAG TGGATTACTA AGAAAGACCC GAATCAAATT 
3,930 3,940 3,950 3,960 3,970 3,980 3,990 
GCTTGGGAGT TTATTAAGGA AGGGAAAAAA GTTTATTACC GTCCTCGTGA CTTAACTGAT GAGCAAAAGC 
4,000 4,010 
TGAGTTTACA ACAATGGTT 
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Table 5. Nucleotide frequencies of Nostoc PCC 6705 
plasmid p6L2 
A: 1 ,229 C: 678 G: 785 T: 1 ,317 
GG: 161 GA: 255 GT: 228 GC: 141 
AG: 277 AA: 417 AT: 331 AC; 204 
TG; 257 TA: 376 TT: 482 TC: 201 
CG: 90 CA: 180 CT: 276 CC: 132 
GGG: 27 GGA: 46 GGT: 63 GGC; 25 
GAG : 56 GAA: 86 GAT: 75 GAC: 38 
GTG: 41 GTA: 68 GTT: 93 GTC: 26 
GCG: 25 GCA: 36 GCT: 55 GCC: 25 
AGG: 60 AG A: 85 AGT: 81 AGC: 51 
AAG: 97 AAA: 141 AAT: 111 AAC: 68 
AGG: 57 ATA: 82 ATT: 129 ATC: 63 
ACG: 16 ACA: 54 ACT: 94 ACC: 40 
TGG: 56 TGA: 93 TGT: 62 TGC: 46 
TAG: 74 TAA: 123 TAT; 100 TAC: 79 
TTG: 94 TTA: 153 TTT: 169 TTC: 65 
TCG: 27 TCA: 62 TCT: 75 TCC: 37 
CGG: 18 CGA: 31 CGT; 22 CGC: 19 
CAG; 50 CAA: 66 CAT: 45 CAC: 19 
CTG: 65 CTA: 73 CTT; 91 CTC; 47 
CCG; 22 CCA; 28 CCT: 52 CCC: 30 
I 
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Restriction analysis of pGL2 
A circular restriction map of pGL2, deduced from the 
sequence, is shown in Figure 12. Analysis of restriction 
enzyme digestions is shown in Table 6. No restriction sites 
were unduly represented. No difficulty in restriction enzyme 
digestion of the plasmid, isolated directly from the 
cyanobacterium, was noted for four restriction enzymes tested. 
The four enzymes are Hindlll. Hpal. Xbal and Xmnl. However, 
when the enzyme Clal was used only one fragment resulted. 
This was from a cleavage at site 2173. DNA sequencing 
revealed the presence of a second Clal site at nucleotide 
position 529 which proved resistant to cleavage when the 
plasmid was isolated from Nostoc or from a dam* E. coli host. 
The site was cleaved when the DNA was extracted from a dam" E. 
coli host. This suggests the presence of a DNA modification 
system in Nostoc sp. PCC 6705. Possibly a dam methylase 
system. 
Searching for genes on pGL2 
An analysis of the start (ATG and GTG) and stop sequences 
in all six reading frames indicates four major open reading 
frames (ORFs) of 100 or more codons, (Figure 13). All the 
major open reading frames are in the same direction and within 
the same frame. The largest open reading frame (ORFl) is 
located at site 798 - 1769. ORFl codes for a protein of 37489 
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Figure 12. Circular restriction map of Nostoc sp. PCC 
6705 plasmid pGL2 
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Table 6. Restriction Enzyme Analysis of Nostoc PCC 6705 
plasmid pGL2 
RESTRICTION RECOGNITION CUT FRAGMENT 
ENZYME SITE SITES LENGTH 
Aflll CTTAAG 48 1,573 
2,253 2,205 
2.484 231 
AccI GTCTAC 21 488 
GTCGAC 1,773 1,752 
GTATAC 1,877 104 
GTAGAC 2,408 531 
2,561 153 
3,468 907 
3.542 74 
Alul AGCT 182 202 
222 40 
780 558 
1,521 741 
2,166 645 
2,682 516 
2,926 244 
2,973 47 
3,011 38 
3,098 87 
3,255 157 
3,311 56 
3,330 19 
3,422 92 
3,476 54 
3.989 513 
Apvl CCAGG 746 1,488 
CCTGG 1,497 751 
3.267 1.770 
AsD700=XmnI GAANNNNTTC 2.422 4.009 
Avril CCTAGG 3.696 4.009 
Banll GAGCCC 3.681 4.009 
Bbvl GCAGC 428 1,098 
GCTGC 3.339 2.911 
BSD1286 GAGCCC 3.681 4.009 
BspMI ACCTGC 878 1,702 
GCAGGT 3.185 2.307 
BstNI CCTGG 746 1,488 
CCAGG 1,497 751 
3.267 1.770 
ClaI=BanIII ATCGAT 529 2,365 
2.173 1.644 
Ddel CTAAG 101 120 
CTCAG 356 255 
CTGAG 476 120 
Table 6. (continued) 
CTTAG 485 9 
650 165 
660 10 
776 116 
784 8 
958 174 
997 39 
1,449 452 
1,522 73 
1,609 87 
1,824 215 
1,872 48 
2,011 139 
2,271 260 
2,470 199 
2,683 213 
2,861 178 
2,922 61 
2,929 7 
3,099 170 
3,208 109 
3,405 197 
3,472 67 
3,670 198 
3,853 183 
3,886 33 
3,898 12 
3.990 92 
Dpnl GATC 245 525 
532 287 
1,112 580 
1,617 505 
2,707 1,090 
3.729 1.022 
DraI=AhaIII TTTAAA 127 691 
216 89 
1,052 836 
2,629 1,577 
2,842 213 
3,287 445 
3,296 9 
3.445 149 
Drain CACNNNGTG 3.761 4.009 
EcoRII CCTGG 744 1,488 
CCAGG 1,495 751 
3.265 1.770 
Fnu4HI GCAGC 88 769 
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Teible 6. (continued) 
GCCGC 190 102 
GC6GC 417 227 
GCTGC 1,107 690 
2,374 1,267 
3..328 954 
FnuDII CGCG 82 3,024 
1.067 985 
Fokl GGATG 1,259 1,722 
CATCC 1,353 94 
1,366 13 
1,488 122 
2,953 1,465 
3.546 593 
Hael AGGCCA 1.128 4.009 
Haell GGCGCT 2.317 4.009 
HaellI GGCC 1.128 4.009 
Hqal GACGC 106 521 
GCGTC 2,001 1,895 
2,927 926 
3.594 667 
HhaI=CfoI GCGC 608 2,301 
996 388 
1,067 71 
2.316 1.249 
HincII=HindII GTTAAC 1,706 1,706 
GTCGAC 3,362 1,656 
4.009 647 
HindIII AAGCTT 180 880 
3,009 2,829 
3.309 300 
Hinfl GAATC 481 579 
GACTC 644 163 
GAGTC 654 10 
GATTC 678 24 
687 9 
1,500 813 
1,548 48 
2,007 459 
2,175 168 
2,343 168 
2,835 492 
3,480 645 
3.911 431 
HinPI GCGC 606 2,301 
994 388 
1.065 71 
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TzJsle 6. (continued) 
2,314 1,249 
Hoal GTTAAC 4.009 4.009 
HEâlI CCGG 65 1,767 
1,013 948 
1,338 325 
2.307 969 
HEhl GGTGA 1,204 1,527 
TCACC 1,710 506 
3,039 1,329 
3.686 647 
Mael CTAG 209 521 
684 475 
1,005 321 
1,958 953 
3,004 1,046 
3,423 419 
3.697 274 
Maelll GTAAC 40 83 
GTCAC 165 125 
GTGAC 445 280 
GTTAC 759 314 
1,000 241 
1,190 190 
1,319 129 
1,411 92 
1,597 186 
1,953 356 
2,047 94 
2,340 293 
3,149 809 
3,714 565 
3.966 252 
MboI=NdeII GATC 243 525 
530 287 
1,110 580 
1,615 505 
2,705 1,090 
3.727 1.022 
MboII GAAGA 80 1,077 
TCTTC 1,658 1,578 
1,683 25 
2,073 390 
2,435 362 
3.012 577 
mnll CCTC 81 117 
GAGG 113 32 
I 
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T2U)le 6. (continued) 
150 37 
466 316 
469 3 
639 170 
676 37 
710 34 
796 86 
818 22 
856 38 
865 9 
949 84 
1,159 210 
1,306 147 
1,327 21 
1,337 10 
1,366 29 
1,397 31 
1,534 137 
1,566 32 
1,720 154 
1,897 177 
2,299 402 
2,482 183 
2,822 340 
2,911 89 
3,088 177 
3,310 222 
3,682 372 
3.973 291 
MSEI CCGG 65 1,767 
1,013 948 
1,338 325 
2.307 969 
Neil CCGGG 1,338 3,040 
CCCGG 2.307 969 
Nlalll CATG 713 1,966 
1,080 367 
1,121 41 
1,368 247 
2.756 1.388 
NlalV GGNNCC 1,021 1,189 
3.841 2.820 
NSPBII GCCGC 89 1,723 
GCGGC 191 102 
1,108 917 
2.375 1.267 
NSDCI CCATGT 1.080 4.009 
I 
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Table 6. (continued) 
Pvul CGATCG 1,113 3,504 
1.618 505 
Rsal GTAC 545 682 
866 321 
2,024 1,158 
2,688 664 
3,398 710 
3,754 356 
3.872 118 
Sau3AI GATC 243 525 
530 287 
1,110 580 
1,615 505 
2,705 1,090 
3.727 1.022 
ScrFI CCAGG 746 1,488 
CCCGG 1,338 592 
CCG6G 1,497 159 
CCTGG 2,307 810 
3.267 960 
SfaNI GCATC 939 1,889 
GAT6C 3.059 2,120 
Stjel ACTAGT 1.957 4.009 
SsEl AATATT 972 1,842 
1,536 564 
3,139 1.603 
Styi CCAAGG 1,129 1,442 
CCTAGG 3.696 2.567 
TagI TCGA 461 2,297 
529 68 
676 147 
937 261 
1,429 492 
2.173 744 
Thai CGCG 82 3,024 
1.067 985 
Tthlllll CAAACA 91 164 
TGTTTG 519 428 
CAA6CA 927 408 
TGCTTG 1,110 183 
2,118 1,008 
3,007 889 
3,340 333 
3.936 596 
Xbal TCTAGA 3.003 4.009 
XinnI=AsD700 GAANNNNTTC 2.422 4.009 
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Table 6. (continued) 
Xorll CGATCG 1,113 3,504 
1.618 505 
No restriction sites found in pGL2 Hpal for the following 
enzymes: 
Aatll 
Avail 
Bsml 
Msti 
Nsil 
SacII 
SE&I 
AccIII 
Avalll 
BssHII 
EC00109 
Mstll 
PaeR7I 
Sstll 
Stui 
Ahall 
Ball 
BSPMII 
EcoRI 
Nael 
PflMI 
Sail 
Tthlll 
APal 
BamHI 
BstEII 
EcoRV 
Narl 
PptiMI 
Saul 
Xhol 
ApaLI ASP718 Asul AsuII Aval 
BanI Bell Bdel Ball Bglll 
BstXI Cfrl Clall Cvnl Eael 
Fspl Gdill HaiAI Kpnl Mlul 
Ncol Ndel Nhel NotI Nrul 
PstI PvuII RsrII SacI SstI 
Sau96IScaI Sfil Smal SnaBI 
XhoII Xmal Xmalll 
FRAMES of: Pgl2.Seq Ck:9103. 1 to: 4,009 May 1,1991 19:51 
Pgl2.Seq Length: 4009 April 30,1991 19:23 Check: 9103 .. 
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Figure 13. FRAMES of Nostoc sp. PCC 6705 plasmid pGL2 
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Daltons. Associated with ORFl is a putative transcription 
termination signal at nucleotide position 1924 - 1945. 0RF2, 
0RF3 and 0RF4 are located at sites 1980 - 2432, 2523 - 3134 
and 3228 - 3749, and code for proteins of 16641, 22961 and 
19324 Daltons, respectively. Associated with 0RF4 is a 
putative transcription termination signal at nucleotide 
position 3901 - 3939. This suggests that ORFs 2-4 are 
transcribed as one transcript. PLOTSTRUCTUREs of the putative 
protein products from ORFs 1-4 are shown in Figures 14, 15, 
16 and 17. 
Databank searches of pGL2 sequences 
The predicted amino acid sequences of ORFs 1-4 were 
searched against the sequences in GENBANK (version 66) using 
the program TFASTA. The amino acid sequences were also 
searched against pUH24, pGL3 and the pDUl origin of 
replication region. No significant sequence similarities were 
found for ORFs 2-4. Seven significant amino acid 
similarities were found for ORFl in the GENBANK. These 
similarities are for proteins involved in plasmid replication. 
It therefore seems likely that the product of ORFl is a 
replication protein. Like other proteins involved in DNA 
interactions the product of ORFl is a basic protein, with 53 
basic and 44 acidic amino acids. 
The search revealed similarities in replication proteins 
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Figure 16. PLOTSTRUCTURE of Nostoc sp. PCC 6705 plasmid pGL2 0RF3 
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Figure 17. PLOTSTRUCTURE of Nostoc sp. PCC 6705 plasmid pGL2 0RF4 
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in plasmids from Bacillus subtilis (pBS2, 28.5% identity), 
Bacillus amvlolicruefaciens (pFTB14, 27.5% identity), 
Lactobacillus plantarum (pC30il, 31.8% identity and PLPI, 
32.9% identity), Shigella sonnei (pKYM, 45.8% identity) and 
Staphylococcus aureus (pC194, 27.6% identity and pWBG32, 25.8% 
identity). The amino acid identity was greatest for pKYM 
(45.8%). All of these plasmids, except pKYM, belong to Gram 
positive bacteria. The strong similarity of the Rep proteins 
argues for a common rep gene origin. 
All of these plasmids are naturally occurring. pBS2 
(Darabi et al., 1989) and pFTB14 (Murai, et al., 1987) are low 
copy number, cryptic plasmids. pLPl and pC30il are high copy 
number, cryptic plasmids of 2093 bp (Bringel, et al., 1989) 
and 2140 bp (Skaugen, 1989), respectively. pC194 is one of 
several R-plasmids in S_^ aureus. It codes for chloramphenicol 
resistance, is a member of incompatibility group 8, and is 
2910 bp (Horinouchi and Weisblum, 1982). pWBG32 codes for 
ethidium bromide resistance and is 2389 bp (Liao et al., 
1990). pKYM is a cryptic plasmid of 2083 bp (Hirose, et al., 
1988) . 
DOTPLOTs of the results of the TFASTA searches are shown 
in Figures 18, 19, 20, 21, 22, 23 and 24. The program COMPARE 
was used to compare the protein sequences for the dotplot 
analyses. Windows were set at 30 and the stringency was set 
at 15. The stringency for pKYM was set at 20. 
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Figure 18. DOTPLOT of pGL2 Orfl vs pBS2 Rep 
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Figure 19. DOTPLOT of pGL2 Orfl vs pFTB14 
Rep Protein. Window:30, 
Stringency:15 
82 
N> O 
I 
•g 
a 
i 
- soo 
- KM 
- 100 
Orfl .Pap Ole 2,325,1 to 323 
Figure 20. DOTPLOT of pGL2 Orfl vs pLPl Rep 
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Figure 21. DOTPLOT of pGL2 Orfl vs pC30il 
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Figure 22. DOTPLOT of pGL2 Orfl vs pC194 Rep 
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Figure 23. DOTPLOT of pGL2 Orfl vs pWBG32 
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Figure 24. DOTPLOT of pGL2 Orfl vs pKYM Rep 
Protein. Window;30, 
Stringency:20 
pGL2 mseasegislpsivsfpqqenstpalselsqrdevwdkhransdavegyy-agsefskyserisdcaqlldfrlv 
pKYM msedkflsdysprdavwdtqrtltdsvggiyqtagqferyalnnascsgllrfgws 
pBS2 maehyealeskigapyygkkaekliscaeyl 
pFTB14 myssendysiledktatgkkrdwrgkkrranlmaehyealekrigapyygkkaerlsecaehl 
PLPI mseifedktengkvrpwrerkienvryaeylailefkrahdvrgcgevl 
pC3 Oil laseif edktengkvrpwrerkienviryaeylailef krahdvrgcgevl 
pWBG32 mdlvkncnc 
pC19 4 mcynmekytekkqrnqvfqkfikrhigenqmdlvedcn-
pGL2 —pnsetgeykfklssarfwpCsplsClavaaiahvegqiqdtastin 
pKYM timetaetrlrlrsaafCrvRhCpvCaWRrtlmwaarfvaalPkiwdvpssrwlFliTIiTvrNceiaelat. 
pBS2 sfkrdpetaklklvaahfCkvRlCpmCaWRrslkiavhnkliveeanrcfva-ccfwIFLTLTvrNvkaerlkp 
pFTB14 sfkrdpetarlklvaahfCkvRlCpmCaWRrslkiavhnkliieeanrava-cawIFLTL'lVrNvkaerlkp 
pLPl rfrkiaehlklvatwfChkRlCplCnWRrsinknssalkaiiaeavarep~kar--FLfLTltvknahsae-
pC3 Oil rfrkiaehlklvatwfChkRlCplCnWRksmknssalkqiiaeavarep-kar-Fl.fIiTltvknahsae- S3 
pWBG32 tflsfvtdkkfekkklvksnpCknRfCpvCaWRkarkdalqlslinmcrvikaeed-kafIFLTI.TtpNvtdehles 
pC194 tflsfvadktlekqklvkansCknRfCpvCaWRkarkdalalslininqvikaaek-keflFLTLTtpNvinsdele-
pGL2 iiinksFkrfselKaf-pae-GYiktvEvTrqktpDasaHPHFHVT.TmnWpSYF—crvaYl sOAkWvemWrk 
pKYM -vltamnaaFkrmekrgelspvq-GwiRatEvTrgk—DqsaHPHFHcLlmVapSwFk-akNYvkherWvelJgrd 
pBS2 -qisemmeaFrKLfavKKVktsvlGffRalEITkNheeD-tYHPHFHVLipVrknYF—gkNYikOAEWtsLWkk 
pFTB14 -aisemmeaFrKLfcfvKKVktsvlGffRalEITkNheeD-tYHPHFHVLlpVKfnYF—akNYikOAEWtsLWkr 
pLPl -elkvltkaFnKLtrvKKVtknllGYlRstEITvN-eaDqsYnaHlHVLlfVKsSYFknsnNYlaOAEWaklWak 
pC3 0 il -elkvltkaFnKLtrvKKVtknllGYlRstEITvN-eaDasYnaHlHVLvfVKsSYFknsnNYlaOAEWakliWar 
pWBG3 2 eiknvnha-FaKmfkrKKVnaitkGYvRklEITvNskrDd-YnPHFHVLmaVnkSYFkdtkaYisOkEWlnLWrd 
pC19 4 neikrvnnsFrKLikrKKV-qs-kGYvRklEITvNkkrDd-YnPHFHVLiaVnkSYFtdkrvYisOaEWldLWrd 
Figure 25. Alignment of replication proteins with Nostoc PCC 6705 pGL2 ORFl 
pGL2 sIrvDYkPildVO si npqdsliglla—EviKYSVKesD—Itsdr-EwfLeltraUi 
pKYM clrvnYePnidiraVKtktaewa nvaeqlqsava—EtlKYSVKpeD—mandp-EwfLdvtrqthk 
pBS 2 amklDYtPiVdirrVKgkakidael iendvreainmeqkavlEisKYpVKdtDwrgnkvtEdnLntvlyLddaLa 
pFTB14 amklDYtPiVdirrVKqrvkidaeqiesdvreaimeakavlEisKYpVKdtDvvraskvtddnlintvfvLddaliS 
pLPl alkvDYePvVhVOaVKankrkat: dslqasae—EtaKYeVKsaD-ymtadd-ErnLwiknLeyaLa 
pC3 Oil alkvDYePvVhVOaVKankrkat dslqasae—EtaKYeVKsaD-vmtadd-ErnlArviknLeyaLa 
pWBG3 2 vtqiseitqVhVO—Kikq nsnkely EmaKYSaKdsD-vl inakvf daf vkslkakqiliv 
pC194 vtaiseitaVqVO—Kirq nnnkely EmaKYSaKdsD-vl inksk si 
pGL2 rtka lavGGiLrev LrdleaepeDLVandneadc-deahlv-fawkakqkkyk 
pKYM -rRflstGGaliKnv LaldretneDLViaddvadatddakrtafvwdsakrryk 
pBS2 arRl Iq YGGiliKe ihkeLnlr 
pFTBlA arRlIqYGGiliKeihkeljilqdaeqqDLVkieeeddevanqafevmaywhpqlknvilk 
pLPl qtRqIsYGGlIiK DLVhvqdedvtkeameaaeewakwdfnkanvf iyw 
pC30il qtRqIs YGGl f qqikqdUcledvenqDLVhvqdedvtkeqmeaaeewakwdf nkqny f i co 
pWBG32 YsGlfKdarnkLkng DLdlylkdidpteyiyqifyivmqkeylaseiydlteqekekinhqminei 
pC194 
Figure 25. (continued) 
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Amino acid sequence alignments of the replication 
proteins and pGL2 ORFl are shown in Figure 25. Amino acid 
alignments of pGL2 ORFl and pKYM RepA with identities and 
conservative replacements are shown in Figures 26 and 27, 
respectively. Conservative replacements are those amino acids 
which are able to maintain the structure of the protein by 
virtue of their size, shape, hydrophilicity, or the ability to 
impart turns. A PLOTSTRUCTURE of the pKYM replication protein 
(Figure 28) is provided for comparison to the pGL2 ORFl 
PLOTSTRUCTURE, (Figure 14). Conserved regions in the proteins 
appear to be primarily involved in 6-sheet formation. A 
tyrosine residue is also conserved at position 247. This 
residue is thought to be involved as a linkage site to the DNA 
when nicking occurs at the plus origin of pC194 (Gros et al., 
1987). This tyrosyl residue is within a conserved a-helix and 
is flanked by basic lysine residues (KYSVK). 
The entire DNA sequence of the plasmid pGL2 was also 
searched against the GENBANK sequences using the FASTA 
program. The search resulted in finding the same GENBANK 
sequences as were found in the TFASTA search. The plasmid 
pKYM had another region of sequence similarity to pGL2 (73%). 
The sequence is located at site 479 - 506. The pGL2 sequence 
was also searched against pUH24, pGL3 and the pDUl origin of 
replication region. No significant sequence similarities were 
found. 
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ORFl MSEASEGISLPSIVSFPQQEENSTPALSELSQRDEVNDKHRANSDAVEGYY-AGSE 
I I  I I I  I I I  I  I  I  I  I  
RepA MSEDKFLSDYSPRDAVWDTQRTLTDSVGGIYQTAGQ 
ORFl FSKYSERISDCAQLLDFRLVPNSETGEYKFKLSSARFCHVRHCPVWQWRRSLHWKAKAYK 
I I I  I  I I  I  M i l  I  I I  I I  m i l l  n i l  I I I  I  I  
RepA FERYALRMASCSGLLRFGWSTIHETGETRLRLRSAQFCRVRHCPVCQWRRTLMWQARFYQ 
ORFl ILPQLLIDYPKARWLFVTLTVKNCAITDLRETLTWMNKSFKRFSELKAF-PAEGYIKTVE 
I I  I I I  n i l  I I I !  I I  I  I  I I  I I  I I I  I  I  I  I  I  
RepA ALPKIVVDYPSSRWLFLTLTVRNCEIGELGTVLTAMNAAFKRMEKRKELSPVQGWIRATE 
ORFl VTRGKTPDGSAHPHFHVLMMVKPSYF-GVGYLSQAKWVEHWRKSLRVDYKPILDVQSLNP 
M i l l  I  M i l l  M l  I  I I  1 1  I  I  I  M l  M  I I I  I  I  I  
RepA VTRGK--DGSAHPHFHCLLMVQPSWFKGKNYVKHERWyELWRDCLRVNYEPNIDIRAVKT 
ORFl Q DSLIGLLAEVIKYSVKESDLTSDREWFLELTRQLHRTKAIAVGGILREYL 
I  M  M i l l  I  I  M M  I M M  I  M l  I  
RepA KTGEVVANVAEQLQSAVAETLKYSVKPEDMANDPEWFLDVTRQLHKRRFISTGGALKNVL 
ORFl RDLEQEPEDLVGNDNEGDVDEG-HLYFGUKQKQKKYKLVE 
M M  I I I  I I  M  
RepA QLDRETNEDLVIADDVGDGTDDGKRTAFVWDSGKRRYKRAPEKDKSKD 
Figure 26. TFASTA of pGL2 ORFl / pKYM Rep A protein. Initl: 406, 
Initn: 577, Opt: 810, 45.8% identity in 308 aa overlap 
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ORFl NSEASEGISLPSIVSFPQQEENSTPALSELSQRDEVWDKHRANSDAVEGYY-AGSE 
1 1  :  | : | | : | | | : : | :  : | : | : |  I  : : : :  
RepA MSEDKFLSDYSPRDAVWDTQRTLTDSVGGIYQTAGQ 
ORFl FSKYSERISDCAQLLDFRLVPNSETGEYKFKLSSARFCHVRHCPVWQWRRSLMWKAKAYK 
| : : : | :  I I  I  :  I I I !  :  :  :  1 :  1 1 : 1 1 : 1 i 1 1 1 1  l l l | : | l | : | :  | :  
RepA FERYALRMASCSGLLRFGWSTIMETGETRLRLRSAQFCRVRHCPVCQWRRTLMWQARFYQ 
ORFl ILPQLLIDYPKARWLFVTLTVKNCAITDLRETLTWMNKSFKRFSELKAF-PAEGYIKTVE 
1 1  :  -  :  1 1 1  :  :  1 1 1 1 : 1 1 1 1 : 1 1 : 1  :  :  I  - I  I  I I  :  1 1 1  : : :  I  : :  I  :  :  I  :  I  :  :  :  I  
RepA ALPKIVVDYPSSRWLFLTLTVRNCEIGELGTVLTAMNAAFKRMEKRKELSPVQGWIRATE 
ORFl VTRGKTPDGSAHPHFHVLMMVKPSYF-GV6YLSQAKWVEMWRKSLRVDYKPILDVQSLNP 
I I 1 1 1  1 1 1 1 1 1 1 1 1  | : | | : | | : |  I  :  I  :  :  :  :  :  I I I  :  1 1  :  :  1 1 1 : 1 : 1  : | : : : : : :  
RepA VTRGK--DGSAHPHFHCLLMVQPSWFKGKNYVKHERWVELWRDCLRVNYEPNIDIRAVKT 
ORFl Q DSLIGLLAEVIKYSVKESDLTSDREWFLELTRQLHRTKAIAVGGILREYL 
:  :  I  :  : | | : : | | | | |  :  I  :  :  :  1 :  1 1 1 1  :  :  1 1 1 1 1  :  :  I  : : | l  I -  I  
RepA KTGEVVANVAEQLQSAVAETLKYSVKPEDMANDPEWFLDVTRQLHKRRFISTGGALKNVL 
ORFl RDLEQEPEDLVGNDNEGDVDEG--HLYFGWKQKQKKYKLVE 
:  : :  I N I  : | :  I I  : : :  :  I  | :  : : : |  I  
RepA QLDRETNEDLVIADDVGDGTDDGKRTAFVWDSGKRRYKRAPEKDKSKD 
Figure 27. TFASTA of pGL2 ORFl / pKYM Rep A protein. Initl: 406, 
Initn: 577, Opt: 810, 45.8% identity in 308 aa overlap. 
Conservative replacements are indicated by a colon 
PLOTSTRUCTURE of: PKYM.P2S May 1,1991 19:24 
PEPTIDESTRUCTURE of; PKYM.PEP Ck; 6625, 1 to: 321 
TRANSLATE of: kymogrep.ba oheok: 7319 from: 699 to; 1661 
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Figure 28. PLOTSTRUCTURE of Shigella sonnei plasmid pKYM RepA 
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The DNA sequence of pGL2 was also searched for regions 
which bear similarity to sequences recognized as the ori in 
pC194 and other members of the ssDNA replicating plasmids 
(Darabi et al., 1989; Gruss and Erlich, 1989; Gros et al., 
1987). The results of this search revealed sequence 
similarity (50%) in pGL2 at site 467 - 520. This region 
contains the sequence which bears similarity to pKYM. 
Replication region of PGL2 
All known prokaryotic plasmids contain a DNA locus, ori. 
that is required in cis for replication initiation. The 
region from site 1 - 700 is not occupied by any open reading 
frames and contains three large inverted repeats (IRl, IR2 and 
IR3). IRl is the largest and is located at nucleotide 
position 53 - 118. IR2 and IR3 are located at positions 317 -
343 and 387 - 428 respectively. It seems likely that this 
region contains the origin of replication although it is not 
impossible that the ori is within an ORF. These features of 
dyad symmetry are commonly associated with replication origins 
in prokaryotic plasmids. This situation is similar to that 
seen in pGL3 where four IRs are present in an area thought to 
be involved in replication. 
Comparison of potential translation signals 
The upstream sequences of the major open reading frames 
I 
94 
T2d3le 7. Upstream sequences of plasmid open reading frames 
—40 —30 —20 —10 +1 
pGL2 ORF 1 tagttaccac actgacaact tagctactga GGGcttttta ATG 
pGL2 ORF 2 ttatgctacg gtaggttact aatAaGATAT aGGGACtact ATG 
pGL2 ORF 3 acttaaggtt tctgctcctt actcAaGATA TtGGGACaaa ATG 
pGL2 ORF 4 ggtaaactat aaatagacta cttagtaaat tactataatt ATG 
pGL3 ORF 1 
pDUl ORF 1 
tgaagatttg agtgggcGGT ggGcACaTGt GgtcgATTTg ATG 
caaataacat tcaataGGTa ctGaACTGaG acATTTccaa ATG 
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of all plasmids are shown in Table 7. The pGL2 upstream 
sequences of ORFs 1, 2 and 3 show similarities to each other. 
0RF4 from pGL2 does not show similarity to any of the other 
ORFs. The upstream sequences of pDUl ORFl and pGL3 ORFl are 
similar to each other. Nothing is known about the 3' 16S 
ribosomal binding site consensus sequence for any filamentous 
cyanobacterium. A comparison of the upstream sequences of the 
rep genes of the seven plasmids detected by the TFASTA 
searches revealed no significant DNA similarities to the 
upstream region of pGL2 ORFl. 
Codon frequencies of open reading frames 
The codon usage of the ORFs of all three plasmids are 
shown in Table 8. Codon usage in pGL2 is consistent between 
the four ORFs and reflects the high A/T content of the 
plasmid. Comparisons of codon usage between plasmid genes and 
genomic genes is not possible as no genes have been sequenced 
for these three cyanobacteria. 
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Table 8. Codon usage of the proposed plasmid genes 
pDUl pGL3 pGL2 pGL2 pGL2 pGL2 pGL2 
aa codon ORFl ORFl ORFl 0RF2 0RF3 ORF ORFl 
Ala GCG 7 4 3 1 0 0 4 
Ala GCA 5 6 5 2 3 2 12 
Ala GCT 3 5 5 7 6 6 24 
Ala GCC 5 2 5 1 1 0 7 
Arg AGG 3 4 1 0 1 1 3 
Arg AGA 4 6 1 4 5 1 11 
Arg CGG 8 6 2 0 0 0 2 
Arg CGA 6 1 9 0 0 0 9 
Arg CGT 3 1 5 3 2 0 10 
Arg CGC 8 0 1 0 0 2 3 
Asn AAT 9 16 6 4 9 10 29 
Asn AAC 6 5 2 2 0 3 7 
Asp GAT 9 2 14 6 11 5 36 
Asp GAC 6 0 4 3 2 5 14 
Cys TGT 6 1 2 1 2 0 5 
Cys TGC 4 5 2 0 0 0 2 
Gin CAG 5 4 7 2 2 6 17 
Gin CAA 16 4 6 5 5 2 18 
Glu GAG 6 9 15 3 5 7 30 
Glu GAA 9 11 12 6 11 5 34 
Gly GGG 2 7 4 0 0 1 5 
Gly GGA 6 10 3 1 3 0 7 
Gly GGT 12 3 8 7 7 3 25 
Gly GGC 7 0 1 1 2 2 6 
His CAT 3 5 7 2 2 4 15 
His CAO 8 5 1 0 0 0 1 
Ile ATA 7 7 3 1 3 5 12 
Ile ATT 8 4 7 5 5 5 22 
Ile ATC 4 3 2 3 3 2 10 
Leu CTG 4 4 2 0 1 2 5 
Leu CTA 5 5 3 2 0 5 10 
Leu CTT 8 1 3 7 8 2 20 
Leu CTC 1 2 3 0 0 2 5 
Leu TTG 6 4 9 4 4 4 21 
Leu TTA 9 2 14 5 9 8 36 
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Tzdsle 8. continued 
pDUl pGL3 pGL2 pGL2 pGL2 pGL2 pGL2 
aa codon ORFl ORFl ORFl 0RF2 0RF3 0RF4 ORFl-4 
Lys AAG 9 5 12 7 4 4 27 
Lys AAA 15 10 14 5 12 5 36 
Met ATG 7 5 6 2 2 2 12 
Phe TTT 7 0 11 7 11 5 34 
Phe TTC 10 1 2 0 1 0 3 
Pro CCG 1 0 2 1 0 2 5 
Pro CCA 5 12 2 12 7 
Pro CCT 5 2 8 3 5 6 22 
Pro CCC 1 2 2 2 1 2 7 
Ser AGT 3 5 3 4 2 6 15 
Ser AGC 7 5 0 0 1 1 2 
Ser TCG 3 0 6 0 0 0 6 
Ser TCA 5 0 5 3 5 4 17 
Ser TCT 7 7 12 4 10 9 35 
Ser TCC 1 3 2 0 0 1 3 
Thr ACG 3 4 0 0 1 0 1 
Thr ACA 8 3 6 0 3 0 9 
Thr ACT 8 8 5 6 8 7 26 
Thr ACC 5 3 2 2 0 0 4 
Trp TGG 4 4 10 1 0 1 12 
Tyr TAT 4 5 10 2 8 5 25 
Tyr TAC 10 6 4 1 3 2 10 
Val GTG 7 3 110 1 3 
Val GTA 9 2 3 2 3 1 12 
Val GTT 5 7 13 7 10 6 36 
Val GTC 6 5 5 0 0 1 6 
End TGA 1 0 0 0 0 0 0 
End TAG 0 1 0 0 0 1 1 
End TAA 0 0 1110 3  
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DISCUSSION 
Plasmld pGL3 
Sequence features of pGL3 
The complete nucleotide sequence of the Plectonema 
borvanum PCC 6306 plasmid pGL3 was determined and analyzed for 
its composition, open reading frames and expression signals. 
The circular plasmid is 1509 nucleotides in length and has a 
G+C composition of 46.8 percent, which is within the range of 
42 - 67 percent reported for the Plectonema genus (Herdman, 
1987) . 
The DNA sequence fully characterizes pGL3 in terms of its 
restriction sites and genetic content, such that the exact 
length and coding potential of every fragment is known. This 
knowledge should aid in designing cloning strategies and 
should facilitate the construction of effective cyanobacterial 
vectors. 
ORFs of PGL3 
Seven ORFs of greater than 50 codons each were 
determined. Six of these ORFs are not thought to be 
translated. Four of these ORFs (2, 3, 4 and 6) are completely 
within ORFl, the largest ORF. These four ORFs are not thought 
to encode protein due to their position within ORFl, although 
this situation can occur. Unambiguous identification of the 
ORFs proposed for pGL3 should ultimately come from protein 
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sequencing or expression studies. 0RF5 and '0RF7 significantly 
overlap each other. The 3* ends of 0RF5 and 0RF7 also overlap 
the 5* end of ORFl by 30 and 11 nucleotides, respectively. 
While it is thought that these ORFs are noncoding, it is 
possible that they are involved in regulation of ORFl by the 
production of countertranscripts. Also, the inverted repeat, 
IR4, lies completely within 0RF7 and overlaps the 3' end of 
0RF5. FASTA and TFASTA searches of putative proteins from 
ORFs 1-7 revealed no significant similarities to GENBANK 
sequences or to pUH24, pDUl or pGL2. 
ORFl, the major open reading frame at nucleotide position 
733 - 1492, is probably involved in the replication of pGL3. 
ORFl is followed by a region of dyad symmetry which may be a 
rho dependent termination stem loop-like structure. The 
putative product of ORFl is tentatively identified as a 
replication protein. FASTA and TFASTA searches of all ORFs 
revealed no significant similarities to previously reported 
sequences or to pUH24, the pDUl origin of replication or pGL2. 
Replication region of PGL3 studied by insertion 
Little is known about plasmid replication in 
cyanobacteria and only one cyanobacterial plasmid has been 
demonstrated to replicate in another bacterium (Daniell et 
al., 1986). Heterogeneric plasmid replication has been 
previously demonstrated in one case, based on a pDUl shuttle 
I 
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vector (Thiel and Wolk, 1987) and in this study with pPBH201. 
Prokaryotic plasmids contain a DNA locus, ori. that is 
required in cis for replication initiation. In pGL3, the 
region from site 70 - 700 is not occupied by ORFl and contains 
many regions of dyad symmetry. The four largest inverted 
repeats are IRl, IR2, IR3 and IR4. It seems likely that this 
region contains the origin of replication, although is a 
possible that the ori is within ORFl. Within ORFl are two 
adjacent 22 base pair direct repeats (sites 1021 - 1041 and 
1063 - 1084). These features of dyad symmetry and direct 
repeats are commonly associated with replication origins in 
prokaryotic plasmids. 
Shuttle vectors were constructed from pGL3 and mobilized 
into Plectonema borvanum PCC 6306, Anabaena sp. PCC 7120 and 
Nostoc sp. PCC 6705, using triparental conjugation, to 
determine regions of the plasmid involved in replication and 
to determine the plasmid host range. The constructs pPBC201 
(disrupts ORFl), pPBA201 (insertion between IR3 and IR4) and 
pPBP201 (insertion between IR3 and IR4) failed to replicate in 
all three hosts. The two insertions between IR3 and IR4 
disrupted small regions of dyad symmetry. These results 
suggest that the disrupted regions may be involved in the 
replication or stability of the plasmid. The construct 
pPBH201 (insertion prior to a putative termination stem loop 
structure of ORFl) replicated in Plectonema borvanum PCC 6306 
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and Nostoc sp. PCC 6705 which suggests that this region is not 
significantly involved in pGL3's replication. Vector pPBH201 
contains two multiple cloning sites which make it a versatile 
cloning vehicle. Shuttle vector pPBH201 is therefore a useful 
vector for the study of gene regulation in at least two 
cyanobacterial species within two major groups (Sections III 
and IV) of cyanobacteria. 
Origins of replication from coli-derived plasmids have 
been shown not to work in cyanobacteria with one exception 
(Daniell et al., 1986). Likewise, cyanobacterial plasmid 
origins of replication have been shown not to work in coli. 
In order to test whether this range restriction applies to 
pGL3, vectors were constructed which contain the cam'' gene in 
addition to the entire pGL3 plasmid. These vectors utilized 
the same four sites in their construction as those used in the 
construction of the four shuttle vectors. These vectors were 
transformed into Ej^. coli and tested for their replication 
ability. None of the vectors was able to replicate. 
Inability to replicate in E^. coli may reflect differences in 
transcription and/or interaction with host proteins. 
Since the complete nucleotide sequence of pGL3 is now 
available, further studies can be directed at the 
characterization of the detected ORFs and the mechanisms of 
plasmid replication. 
I 
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Plasmid pDUl origin of replication region 
Sequence features of the origin of replication region of pDUl 
The complete nucleotide sequence of the Nostoc PCC 7524 
plasmid pDUl origin of replication region was determined and 
analyzed for its composition, open reading frames and 
expression signals. The region is 1747 nucleotides in length 
and has a G+C composition of 42.1 percent, which is within the 
range of 39 - 46 percent reported for the Nostoc genus 
(Herdman, 1987). However, this percent reflects only a 
portion of the pDUl plasmid as 4.5 kb remain to be sequenced. 
The DNA sequence fully characterizes the origin of 
replication region of pDUl in terms of its restriction sites 
and genetic content, such that the exact length and coding 
potential of every fragment is known. This knowledge should 
aid in designing cloning strategies and should facilitate the 
construction of effective cyanobacterial vectors. 
ORFs of the pDUl origin of replication 
An analysis of the start (ATG and GTG) and stop sequences 
in all six reading frames indicates three potential open 
reading frames (ORFs) of 50 or more codons (Figure 9). One 
large open reading frame (ORFl) of 1119 nucleotides is present 
(site 1260 - 141). This codes for a putative protein of 373 
amino acids (including the start site methionine) with a 
molecular weight of 42477 Daltons. As this is the only 
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significant open reading frame it is likely that the product 
is involved in the replication function(s) of the pDUl 
plasmid. ORFl is followed by a putative rho-independent 
transcriptional termination signal. The other two ORFs are 
located completely within ORFl and probably do not code for 
any protein product. 
Replication features of PDUI 
The region of pDUl involved in replication, as defined by 
functional assay for Anabaena sp. PCC 7120 (Schmetterer and 
Wolk, 1988), is 1.75 kilobase pairs. In the same study, 
Schmetterer and Wolk show that for Anabaena sp. M-131 the 
removal of the upstream region of ORFl from the Hpal site, 
resulting in a 1303 base pair fragment, is sufficient for 
replication. This deletion results in the removal of a large 
region of dyad symmetry (site 1512 - 1546) which may be 
involved in relication/stability functions, at least in PCC 
7120. From this it is apparent that a sequence is not equal 
in all situations. For example, when the 1.75 kilobase pair 
fragment was transferred to another plasmid, pRL40Û, it failed 
to replicate in PCC 7120 but did replicate in M-131. This 
unexpected result clearly indicates the importance of foreign 
flanking sequences on a fragment of plasmid DNA thought to be 
a region involved in replication. 
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Plasmid pGL2 
Sequence features of r)GL2 
The complete nucleotide sequence of the Nostoc PCC 6705 
plasmid pGL2 was determined and analyzed for its composition, 
open reading frames and expression signals. The circular 
plasmid is 4009 nucleotides in length and has a G+C 
composition of 36.5 percent, which is below the range of 39 -
46 percent reported for the Nostoc genus (Herdman, 1987). 
The DNA sequence fully characterizes pGL2 in terms of its 
restriction sites and genetic content, such that the exact 
length and coding potential of every fragment is known. This 
knowledge should aid in designing cloning strategies and 
should facilitate the construction of effective cyanobacterial 
vectors. 
The presence of a dam methylase system within Nostoc sp. 
PCC 6705 is suggested by the differences in susceptibility of 
two sites to the restriction enzyme Clal. When the enzyme 
Clal was used only one of the sites (2173) was cleaved. DNA 
sequencing revealed the presence of a second Clal site at 
nucleotide position 529 which proved resistant to cleavage 
when the plasmid was isolated from Nostoc or from a dam* E. 
coli host. The site was cleaved when the DNA was extracted 
from a dam' E. coli host. 
I 
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ORFs of PGL2 
An analysis of the start (ATG and GTG) and stop sequences 
in all six reading frames indicated four potential open 
reading frames (ORFs) of 100 or more codons. All the major 
open reading frames are in the same direction and within the 
same frame. The largest open reading frame (ORFl) is located 
at site 798 - 1769 and is followed by a putative 
transcriptional termination signal. 0RF2, 0RF3 and 0RF4 are 
located at sites 1980 - 2432, 2523 - 3134 and 3228 - 3749, 
respectively. 0RF4 is also followed by a putative 
transcriptional termination signal. The presence of the 
putative transcriptional terminators suggests that ORFl and 
ORFs 2-4 are separately transcribed. 
The predicted amino acid sequences of ORFs 1-4 were 
searched against the sequences in GENBANK (version 66) using 
the program TFASTA and against pUH24, pGL3 and the pDUl origin 
of replication. No significant sequence similarities were 
f o u n d  f o r  O R F s  2 - 4 .  
Seven significant amino acid similarities were found in 
the GENBANK for ORFl. These similarities are for proteins 
involved in plasmid replication. It therefore seems likely 
that the product of ORFl is a replication protein. 
The search revealed similarities in plasmids from 
Bacillus subtilis (pBS2, 28.5% identity). Bacillus 
amvlolicfuefaciens (pFTB14, 27.5% identity), Lactobacillus 
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Plantarum (pC30il, 31.8% identity and PLPI, 32.9% identity), 
Shigella sonnei (pKYM, 45.8% identity) and Staphylococcus 
aureus (pC194, 27.6% identity and pWBG32, 25.8% identity). 
The amino acid identity was greatest for the replication 
protein of pKYM (45.8%). The conserved regions appear to be 
primarily involved in B-sheet formation. A tyrosine residue 
is also conserved at position 247. This residue is thought to 
be involved as a linkage site to the DNA when nicking occurs 
at the plus origin of pC194 (Gros et al., 1987). The tyrosyl 
residue is within a conserved a-helix and is flanked by basic 
lysine residues (KYSVK). These lysine residues are probably 
involved in the interaction with the DNA. 
All of these plasmids, except pKYM, belong to Gram 
positive bacteria. The results of this search indicate that 
the plasmid pGL2 is a member of a larger family of ssDNA 
plasmids which is shared between the Gram positive and Gram 
negative bacteria (Gruss and Ehrlich, 1989). The strong 
similarity of the Rep proteins argues for a common rep gene 
origin. The similarity also suggests the possibility that 
pGL2 undergoes a rolling-circle replication which involves 
single-stranded DNA intermediates. 
Since the complete nucleotide sequence of pGL2 is now 
available, further studies can be directed at the 
characterization of the detected ORFs and the mechanisms of 
plasmid replication. These studies can be facilitated by the 
I 
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information gathered by comparison to sequences in the 
GENBANK. 
Replication region of PGL2 
All known prokaryotic plasmids contain a DNA locus, ori. 
that is required in cis for replication initiation. The 
region from site 1 - 700 is not occupied by any open reading 
frames and contains three inverted repeats (IRl, IR2 and IR3). 
IRl is the largest and is located at nucleotide position 53 -
118. IR2 and IR3 are located at positions 317 -343 and 387 -
428 respectively. It seems likely that this region contains 
the origin of replication although it is not impossible that 
the ori is within an ORF. These IR features are commonly 
associated with replication origins in prokaryotic plasmids. 
The presence of these IR elements is similar to that seen in 
pGL3 where four IRs are present in an area thought to be 
involved in replication. Lending support to this region of 
pGL2 being involved in replication is the fact that the plus 
replication ori of pC194 is located within a region of four 
1RS and comprises part of an IR (Darabi et al., 1989). 
A search for sequences similar to the plus ori of pCl94 
and other members of the ssDNA replicating plasmids (Darabi et 
al., 1989; Gruss and Erlich, 1989; Gros et al., 1987) revealed 
sequence similarity in pGL2 at site 467 - 520. A comparison 
of the DNA between pGL2 and pKYM showed an additional region 
I 
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of similarity besides that of ORFl. A 28 nucleotide region 
from pGL2 site 479 - 506 showed 73 percent identity with pKYM 
site 696 - 718. The pKYM site corresponds to the 5' end of 
its replication protein ORF. It is not clear whether this is 
significant as other regions within the ORF have much higher 
identity with pGL2 sequences. However, since the region also 
bears similarity to the plus ori of pC194, it is probable that 
this region contains the pGL2 plus ori. It is common for the 
ssDNA plasmids to have their plus ori either upstream of the 
rep gene or within its 5* end (Gruss and Ehrlich, 1989). In 
addition to a plus origin of replication ssDNA plasmids 
require a minus origin. This is typically a large palindromic 
region. Any one of pGL2*s three IRs is a candidate for the 
minus origin. 
Comparison of potential translation signals 
The upstream sequences of the major open reading frames 
of all three plasmids are shown in Table 7. The pGL2 upstream 
sequences, of ORFs 1, 2 and 3 show similarities to each other. 
0RF4 from pGL2 does not show similarity to any of the other 
ORFs. The upstream sequences of pDUl ORFl and pGL3 ORFl are 
similar to each other. Comparison with a Shine-Delgarno 
sequence is not possible as nothing is known about the 3• 16S 
ribosomal binding site consensus sequence for any filamentous 
cyanobacterium. 
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A comparison of the upstream sequences of the rep genes 
of the seven plasmids, detected by the TFASTA searches, with 
the upstream sequence of pGL2 ORFl revealed no significant DNA 
sequence similarities. 
Codon frequencies of open reading frames 
The codon usage of the ORFs of all three plasmids is 
shown in Table 8. Codon usage in pGL2 is consistent between 
the four ORFs and reflects the high A/T content of the 
plasmid. 
Comparisons of codon usage between plasmid genes and 
genomic genes is not possible as no genes have been sequenced 
for these three cyanobacteria. However, genes have been 
sequenced for a variety of other unicellular and filamentous 
cyanobacteria. The codon usage of these cyanobacterial genes 
generally conforms to that seen in Ej. coli. Exceptions are 
the CCG codon for proline and the CTG codon for leucine which 
are under-used in the cyanobacterial genes examined (Tandeau 
de Marsac and Houmard, 1987). The under-usage of these two 
codons also appears in the ORFs presented in Table 8. 
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SUMMARY 
Two of the cyanobacterial plasmids in this study have 
been completely sequenced and a third plasmid, pPUl, partially 
sequenced. The plasmid p6L3 has been used to create the 
shuttle vector pPBH201. This shuttle vector was shown to 
replicate in Plectonema borvanum PCC 6306 and Nostoc sp. PCC 
6705. This shuttle vector will provide a useful tool for 
future genetic studies of Plectonema as there are no other 
vectors currently available. 
Open reading frames of the three plasmids were translated 
into amino acid sequences and used as query sequences against 
GENBANK. ORFl from pGL2 was the only sequence which showed 
significant similarity to GENBANK sequences. ORFl showed 
similarity to seven plasmid replication proteins in the 
databank. All but one of these plasmids originate from Gram 
positive bacteria. The implication of these findings is that 
pGL2 is a member of a plasmid group, shared between Gram 
negative and Gram positive bacteria, which is functionally and 
evolutionarily related. The similarity suggests the 
possibility that pGL2 undergoes a rolling-circle replication 
involving a single-stranded DNA intermediate. 
Cyanobacterial plasmids are only now beginning to be 
studied. Prior to this study only one plasmid has been 
analyzed at the nucleotide level (pUH24). This plasmid is 
from a unicellular non-nitrogen-fixer (van der Plas, 1989). 
Ill 
Plasmids from the filamentous strains have only been 
characterized by restriction mapping. Virtually nothing is 
known about the genes they encode or their mode(s) of 
replication. An understanding of these plasmids would help to 
further the molecular genetic studies of the cyanobacteria as 
well as to provide information concerning the role of the 
plasmids in the evolution of the cyanobacteria. 
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